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Preface

DYNAS3D has seen wide application to a variety of problems over the past twenty years. As a public
code, DYNA3D has been applied to transient dynamic problems from crash dynamics to human
artery simulations by analysts both at LLNL and elsewhere. DYNA3D was originated by Dr. John
O. Hallquist of the Methods Development Group at LLNL. During the period 1984-1987, he was
joined by Dr. David J. Benson, who is now on the Engineering faculty at the University of
California, San Diego. Dr. Hallquist continued as Lead Developer on DYNA3D until 1988, when
he left LLNL to pursue a career in private business. During his time at the Laboratory, Dr. Hallquist
made innumerable contributions to the field of computational mechanics; many of them by demon-
stration. It is with great respect for these scientific accomplishments embodied in DYNA3D that
the authors continue the expansion of DYNA3D’s capabilities to meet new challenges as they arise.

Subsequent to Dr. Hallquist, Dr. Bruce E. Engelmann and Dr. Robert G. Whirley served as Lead
Developers of DYNA3D, and are responsible for adding many new features, options, and improve-
ments including the YASE shell element. In 1993, both Dr. Engelmann and Dr. Whirley departed
for the private sector. Dr. Jerry I. Lin assumed the Lead Developer role for DYNA3D in 1995, and
continues to serve this function along with other members of the Methods Development Group.
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DYNA3D USER’'S MANUAL

ABSTRACT

This report is the User Manual for the 1999 version of DYNA3D, and also serves as a User Guide.
DYNAS3D is a nonlinear, explicit, finite element code for analyzing the transient dynamic response
of three-dimensional solids and structures. The code is fully vectorized and is available on several
computer platforms. DYNA3D includes solid, shell, beam, and truss elements to allow maximum
flexibility in modeling physical problems. Many material models are available to represent a wide
range of material behavior, including elasticity, plasticity, composites, thermal effects, and rate
dependence. In addition, DYNA3D has a sophisticated contact interface capability, including
frictional sliding and single surface contact. Rigid materials provide added modeling flexibility. A
material model driver with interactive graphics display is incorporated into DYNA3D to permit
accurate modeling of complex material response based on experimental data. Along with the
DYNA3D Example Problem Manual, this document provides the information necessary to apply
DYNAZ3D to solve a wide range of engineering analysis problems.
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1.0 INTRODUCTION

DYNAS3D is an explicit finite element code for analyzing the transient dynamic response of three-
dimensional solids and structures. The element formulations available include one-dimensional
truss and beam elements, two-dimensional quadrilateral and triangular shell elements, two-dimen-
sional delamination and cohesive interface elements, and three-dimensional continuum elements.
Many material models are available to represent a wide range of material behavior, including
elasticity, plasticity, composites, thermal effects, and rate dependence. In addition, DYNA3D has
a sophisticated contact interface capability, including frictional sliding and single surface contact,
to handle arbitrary mechanical interactions between independent bodies or between two portions
of one body. Also, all element types support rigid materials for modeling rigid body dynamics or
for accurately representing the geometry and mass distribution of a complex body at minimum
cost. A material model driver with interactive graphics display is integrated into DYNAS3D to allow
computation of the stress response to any prescribed strain history without inertial effects. This
feature allows accurate assessment of the representation of complex material behavior by the
numerical constitutive model in DYNASD.

Over the last twenty years, DYNA3D has been used extensively at LLNL and in industry. It has
been applied to a wide spectrum of problems, many involving large inelastic deformations and
contact. The code has evolved rapidly to meet changing engineering analysis requirements and to
fully exploit current technology in computing hardware. Algorithms have been optimized, and
nearly all of the code is now vectorized. Versions of DYNA3D are now available for computing on
CRAY/UNICOS platforms, and SUN, SILICON GRAPHICS, Hewlett Packard, DEC, and IBM
RS/6000 UNIX-based workstations. Besides these platforms, the code has been ported to many
other machines. The use of a “single-source” development system assures that all new develop-
ments appear simultaneously in all supported code versions.

Recent developments in DYNA3D span many areas, including both code capability and user
convenience. Substantial improvements in simulating rotational machinery problems have been
made. These include frame-invariant stress/element force calculations (see IORDER) for brick,
beam/truss, and shell elements, expanded velocity initialization by material for rotational motion
capabilities, and generalized body force loads by material capabilities. In order to better control
contact interactions and minimize computational costs, optional activation/deactivation times have
been added to all slidesurfaces. Two new Lagrangain-multiplier based algorithms were added to
the current slide surface options. These techniques eliminate interpenetration by solving for the
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contact forces exactly, instead of using a penalty-based force. These methods have greatly
improved the robustness and utility of slide surfaces in many difficult applications, e.g. when
bodies of vastly different material properties collide, multiple and simultaneous contact of shell
elements, forging problems involving rigid dies, etc. The automatic contact algorithm has been
expanded to give the user more control by allowing multiple surfaces within a problem, by
including or excluding contact segments by material number, and by defining a domain limiting
box. The local search algorithm is now fully vectorized and it robustness has been markedly
increased since its original development. A new airbag model has been implemented to track the
response of occupants during crashworthiness simulations. The user now has the ability to
represent, on the fly, deformable materials as rigid as well as return these rigid structures back to
deformable bodies. Control options can now be specified during input via a free format, keyword
based, control input section. By default, the data echoed to the printed output file has been reduced
to assist the user.

DYNAS3D is part of a set of public codes developed in the Methods Development Group at LLNL.
Other analysis codes include the three-dimensional implicit NIKE3D code (Maker, 1995), and the
two dimensional codes NIKE2D (Engelmann and Hallquist, 1991) for implicit analysis and
DYNA2D (Engelmann, Whirley, and Hallquist, 1992) for explicit analysis. TOPAZ2D (Shapiro
and Edwards, 1990) and TOPAZ3D (Shapiro, 1985) are finite element codes for nonlinear heat
transfer and field problem analysis. PALM2D (Engelmann, Whirley, and Shapiro, 1990) is a
rapidly developing code for fully coupled thermomechanical analysis. Interactive graphics pre-
processors and postprocessors include MAZE (Sanford, 1996) and ORION (Hallquist and Levatin,
1985) for the two-dimensional codes and INGRID (Christon, Dovey, and Hallquist, 1992),
TAURUS (Spelce and Hallquist, 1991), and GRID{#yand Spelce, 1996) for the three-dimen-
sional codes. All plotting (except in GRIZ) is accomplished using the DIGLIB public domain
graphics library developed by Hal Brand at LLNL.

As a public code, the use of DYNA3D by outside firms has been widespread, and this has played
an importantrole in its development. Many code shortcomings have been discovered and remedied
as a direct result of dialog with outside users in industry. In addition, many capabilities have been
suggested or inspired by feedback obtained from Collaborators outside LLNL. It is hoped that the
DYNA3D user community will continue to expand and provide feedback to the author at LLNL,
and thatimprovements made by others will be made available for possible incorporation into future
versions of DYNA3D. This active participation provides important information for future devel-
opment directions of DYNAS3D.
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2.0 OVERVIEW OF DYNA3D

DYNAS3D is an explicit, nonlinear, finite element code for the transient dynamic response of three-
dimensional solids and structures. As an explicit code, DYNA3D is appropriate for problems where
high rate dynamics or stress wave propagation effects are important. For static and low rate
dynamic problems, the implicit NIKE3D code (Maker, 1995) may be more suitable. DYNA3D may
be applied to quasi-static problems by either using the dynamic relaxation option or by simply
applying the external loads slowly and integrating the dynamics equations until all significant
transients have died out. In contrast to NIKE3D, DYNA3D uses a large number of relatively small
time steps, with the solution being explicit (and inexpensive) at each step. Thus, DYNA3D does
not form and solve the large matrix equation typical of implicit codes such as NIKE3D, and does
not require iteration at each time step. This often leads DYNA3D to be compute-bound, with
modest memory requirements, whereas NIKE3D is often memory or I/0O bound due to the
assembly of a large stiffness matrix at each time step.

The algorithms and architecture are designed for speed and robustness. Nearly all of the code is
vectorized for optimal performance on vector computers such as the CRAY. DYNA3D has element
formulations that include:

* 2-node truss elements

» 2-node integrated beam elements

* 2-node resultant beam elements

» 3-node triangular shell elements

* 4-node quadrilateral shell elements

* 8-node quadrilateral thick shell elements

» 8-node continuum elements.
These element formulations all handle geometric nonlinearities and do not lock for incompressible
materials.

DYNA3D has material models that include:
» elasticity and plasticity (isotropic and anisotropic)
+ finite elasticity
» volumetric compaction
* rate dependence
» thermal effects
» damage and failure of ductile and brittle solids.
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To model nonlinear pressure-volume behavior, DYNA3D has equations of state that include:
* polynomial functions
* high explosive models
» tabulated functions.

A variety of boundary conditions are available, including:
» prescribed velocities
* non-reflecting (transmitting) boundaries
» sliding boundaries along arbitrary planes
* symmetry planes with failure.

Methods of prescribing loads include:
* nodal forces and moments
» follower forces
» surface pressure loads
* body force loads
» loads due to thermal expansion
» loads arising from momentum deposition
» Brode function airblast loads.

DYNAS3D has a general interface contact capability which includes:
» frictional sliding
» single surface contact
* nodes impacting on a surface
» tied interfaces
* one-dimensional slidelines
* rigid walls
* material failure along interfaces
* penalty and Lagrangian projection options for constraint enforcement
» fully automatic contact.

The constraint modeling capabilities include:
» single point constraints
» arbitrary nodal constraints.
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Several methods for modeling failure are available, including:
» reduction of material stiffness and/or element stresses to zero after reaching a criterion
» element deletion for solid or shell elements based on a failure criterion
* SAND adaptive contact for penetration or material failure on contact surfaces
» tie-breaking shell slidelines to allow the mesh to split along predefined lines
» tied node sets with failure to allow the mesh to split along arbitrary element boundaries.

DYNA3D can be interfaced to the Crash Victim Simulation codes MADYMO and ATB via:
» arigid body motion link file for uncoupled analysis
* a PVM-based data exchange for fully coupled analysis.

DYNAS3D has the ability to model rigid body dynamics using features such as:
» rigid materials for trusses, beams, shells, and solids
» general rigid body joint definitions between rigid bodies
» inertial property specification by rigid body
» automatic calculation of rigid body inertial properties
* material switching between deformable and rigid idealizations
* merging multiple rigid materials to form one rigid body
» nonlinear springs and dampers to connect rigid or deformable bodies.

The analysis capabilities of DYNA3D include:
» transient dynamic analysis
» static analysis using dynamic relaxation
» dynamic analysis with static initialization from a NIKE3D implicit analysis.

The code may be restarted with a variety of modifications to the analysis, including:
» changes in termination time
» deletion of portions of the model by element or by material
» deletion of sliding interfaces
» modification of boundary conditions on deformable or rigid materials.

There are no inherent limits on the size of a DYNA3D analysis model, and storage allocation is
dynamic within the code. Problem size is constrained only by the memory available on the
computer. Current generation supercomputers have solved DYNA3D problems with more than
500,000 elements, and computing capabilities continue to expand as new generations of hardware
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become available. DYNA3D has been parallelized with shared memory parallelization (SMP) and
with message passing parallelization (MPI). Massively parallel processing (MPP) versions of
DYNAS3D have surpassed these capacities by an order of magnitude on select hardware.

The following sections briefly discuss each of these capabilities and its applicability to engineering
analysis problems.
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2.1 NOMENCLATURE AND NOTATIONAL CONVENTIONS

This section will briefly describe the notational conventions used in the remainder of this manual.
Vectors and tensors are denoted by boldface typs ( , ), or in components by subscripted italic
characters\ s; ), and matrices are generally indicated by boldface capital Mttéts ( , ). The
distinction between vectors and matrices or tensors will be clear from the context in which the
symbol is used.

A set of typeface conventions is followed throughout this manual to allow the reader to easily
distinguish betweenommands parametersandcomputer generated text .Commands
appear in bold type, and should be entered verbanametersappear in italics, and should be
given values when included in the inpGomputer generated text , such as error messages
or default file names, is printed in a typewriter-like font.

In the descriptions of input format, “column” numbers refer to character positions in the ASCII
input file, “field” refers to a group of character positions which contains one item of data, and
“format” specifiers suggest the FORTRAN format edit descriptor used to read that item of data.
This form of input description is historical in nature, and evolves from the days when paper punch
cards where the predominant medium for data input to the computer. Although those days have
long past, this notation and general structure of the input definition has proved convenient and are
therefore retained. Further, as modern model generation software progresses, the need for the
analyst to directly interact with the DYNA3D input file diminishes. Currently, the most common
reason for directly editing this file is to adjust an analysis control parameter, and these quantities
are easily and quickly located in the current style of input.

In the input definitions described throughout the remainder of this manual, column numbers are
sometimes followed by another set of column numbers enclosed in parenthesis: this second set of
column numbers applies to input files using the “large” input option. This feature allows the use of
node numbers greater than 99,999, and is the default format for DYNA3D input files generated
using the INGRID mesh generator.
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2.2 UNITS

There is no unit system embedded in DYNA3D. Problems may be defined in any convenient,
consistenset of units. The units must be consistent in that mathematical operations directly yield
the correct units for the result quantity; no units conversion is done internally in the code. For
example, Newton’s law states that force equals mass times acceleration, so when mass (in the
chosen units) is multiplied by acceleration (derived from the chosen units), the resulting quantity

must be force in the chosen units. For example, if the force Ubitis , the lengthionitis , and
. . . i I 2 .
the time unitiss , then the units of acceleration 'é%e and the mass uglitr—]%— . This approach

allows complete freedom in the choice of a units system in which to describe a problem.

10
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2.3 GENERAL FORMULATION

DYNAS3D is based on a finite element discretization of the three spatial dimensions and a finite
difference discretization of time. The explicit central difference method is used to integrate the
eqguations of motion in time. The central difference method is conditionally stable, and stability is
governed by the Courant limit on the time st&p . For solid elements, this limit is essentially the
time required for an elastic stress wave to propagate across the shortest dimension of the smallest
element in the mesh. Equivalently, this maximum time step may be related to the period of the
highest free vibration mode of the finite element mesh. DYNA3D automatically calculates the
maximum time step size at each step of the solution, and adjusts the time step accordingly to
minimize the number of time steps used in a solution. This feature minimizes the cost of the
analysis while assuring that stability is maintained. Time step considerations suggest the use of
structural elements (beams and shells) rather than solid elements for modeling structures that are
“thin” in some dimension, since this thin direction has been analytically incorporated into the
element formulation. The time step for the structural element model is therefore many times larger
than it would be for a corresponding solid element model of the same structure.

DYNAS3D uses a lumped mass formulation for efficiency. This produces a diagonal mass matrix
M, which renders the solution of the momentum equation

Ma,,, = fext—fint (1)

trivial at each step in that no simultaneous system of equations must be solved. In the above
equationfext are the applied external forces, fatid are the element internal forces. The new
accelerations,., are easily found, from which the updated velocity and coordinates are calcu-

lated using the central difference integration formulas. Additional details on the general formu-
lation of DYNA3D are given in (Whirley and Engelmann, 1991a).

11
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2.4 MATERIAL MODELS

DYNAS3D includes a large number of material models to represent a wide range of physical
behavior. Some models may be used with an equation-of-state to represent complex pressure-
volume-energy behavior in a material; these are termed hydrodynamic models. The material
models presently implemented are:

» elastic

» orthotropic elastic

» kinematic/isotropic plasticity

» thermo-elastic-plastic

» soil and crushable foam

» viscoelastic

» Blatz-Ko hyperelastic rubber

* high explosive burn

e fluid

» isotropic-elastic-plastic hydrodynamic

» Steinberg-Guinan high rate elastic-plastic

* isotropic elastic-plastic

» elastic-plastic with failure

» soil and crushable foam with failure

» Johnson/Cook elastic-plastic

» concrete/geological material

» elastic-plastic with oriented cracks

» power law isotropic elastic-plastic

» strain rate dependent isotropic elastic-plastic

e rigid

» thermal orthotropic elastic

» fiber composite with damage

» thermal orthotropic elastic with variable properties

* rate-dependent tabular isotropic elastic-plastic

* extended two invariant geologic cap

* metallic honeycomb

» compressible Mooney-Rivlin hyperelastic rubber

» resultant plasticity

» closed form update elastic-plastic for shells

» Frazer-Nash hyperelastic rubber

12
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* Ramberg-Osgood elastic-plastic

» general orthotropic elastic-plastic

* normal anisotropic elastic-plastic for shells
» elastic-plastic with forming limit diagram

* Drittle damage

» three-invariant viscoplastic cap

* Bammann plasticity

* Sandia damage

» Fahrenthold brittle damage

» fabric

* multi-material laminate

» transversely isotropic visco-hyperelasticity
* low density rigid foam

» DTRA concrete/geologic material

* anisotropic elastic

* material interface guide

» visco statistical crack mechanics model (Visco-SCRAM)
* LANL hyperfoam material

» Dbraided composite model

* uni-directional composite

13
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2.5 EQUATIONS OF STATE

A hydrodynamic material model requires an equation-of-state to define the pressure-volume
relationship. The equations of state available in this release are:

* linear polynomial

» JWL high explosive

» Sack high explosive

* Gruneisen

* ratio of polynomials

* linear polynomial with energy deposition,

* ignition and growth of reaction in HE

» tabulated compaction

» tabulated

* pore collapse

14
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2.6 FINITE ELEMENT FORMULATION

The finite element formulations used in DYNA3D have been chosen for their accuracy, speed and
robustness in large deformation nonlinear problems. In an explicit analysis code, there are many
small time steps, so it is important that the number of operations performed at each time step be
minimized. This consideration has largely motivated the use of elements with one-point Gauss
guadrature for the element integration. This approach gives rise to spurious zero energy defor-
mation modes, or “hourglass modes,” within the element. The element must then be stabilized to
eliminate the spurious modes while retaining legitimate deformation modes. This stabilization is
effectively accomplished in DYNA3D. A selection of stabilization methods is available to handle
almost any situation, and the default algorithms have proven effective for most applications. All
element operations are fully vectorized, including the assembly of the element force vector (as
described in Ginsberg and Johnson, 1989), for optimal performance on vector computers.

The basic continuum finite element in DYNAS3D is the eight-node “brick” solid element. This
element optionally uses either one-point integration (default) or the constant stress formulation of
(Flanagan and Belytschko, 1981) with exact volume integration. Spurious hourglass modes are
stabilized using an “hourglass viscosity” or an “hourglass stiffness.” Displacements within the
element are interpolated using trilinear interpolation functions, and the constitutive equations are
evaluated once based on the state at the center of the element. This element is valid for large
displacements and large strains. The element may be degenerated to a wedge or tetrahedral
element, but at the expense of accuracy. Thus, these degenerated elements should be avoided
whenever possible.

DYNAZ3D fully supports truss, beam, and shell structural elements. For each of these element
types, there are several elements available based on different formulations. There is usually no best
element formulation for all problems. Some element formulations perform better on certain
problem classes, while in other cases the distinguishing feature may be execution speed/cost.
Element formulations may be mixed in a single model. The default shell element formulation may
be specified in the master control section of the DYNA3D input. Any beam or shell element formu-
lation may be specified for a specific material on the Material Control Card, and this specification
overrides any defaults.

The eight-node thick shell element is an experimental capability, and should be used cautiously. It
is integrated using one point in the center for the in-plane contribution, and using an arbitrary
number of through-thickness integration points. This multi-point integration through the thickness,

15
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with one constitutive evaluation at each point, permits the element to capture complex stress states
associated with bending deformations. Hourglass modes are controlled using techniques similar to
those for the solid element.

This release of DYNA3D supports five quadrilateral 4-node shell elements, a quadrilateral 4-node
membrane element, two triangular 3-node shell elements, two 2-node beam elements, and a 2-node
truss element. The shell elements use three-dimensional plane stress constitutive models where the
stress component normal to the shell midsurface is zero. One constitutive evaluation is made for
each integration point through the shell thickness. All shell elements use one integration point in
the center for the in-plane integration, and a pre-defined or user-defined integration rule for the
numerical integration through the thickness.

The five quadrilateral shell element formulations are the Hughes-Liu theory, the Belytschko-Tsay
theory, the YASE theory (in reduced and fully integrated form), and the Bathe-Dvorkin theory
(fully integrated form). The Hughes-Liu formulation is based on degenerate shell theory, as
described in (Hughes and Liu, 1981a), (Hughes and Liu, 1981b) and (Hughes, Liu and Leuvit,
1981). The DYNA3D implementation of the Hughes-Liu shell element is described in (Hallquist,
Benson and Goudreau, 1985) and (Hallquist and Benson, 1986), and uses hourglass control proce-
dures based on those reported in (Belytschko and Tsay, 1984). The Hughes-Liu shell uses normal
vectors defined at each node for the element calculations. In addition, the Hughes-Liu shell has a
user-defined reference surface, which may be specified as the shell midsurface, or the upper or
lower surface. This feature is often useful when modeling stiffened shells or shell-beam intersec-
tions. The Hughes-Liu shell is the most expensive of the DYNA3D shell elements. The Belytschko-
Tsay element formulation is based on resultant shell theory, and is described in (Belytschko and
Tsay, 1981), (Belytschko and Tsay, 1983) and (Belytschko and Tsay, 1984). This is currently the
default shell element in DYNA3D. The YASE shell element is based on resultant shell theory and

a 3-field variational principle, and is described in (Engelmann and Whirley, 1990) and (Engelmann
and Whirley, 1991). Additional details of the formulation are given in (Engelmann, Whirley, and
Goudreau, 1989). The Bathe-Dvorkin element formualtion (Bathe and Dvorkin, 19884) is based
on resultant shell thoery and an assumed transverse shear strain field. The Belytschko-Tsay, YASE,
and Bathe-Dvorkin element formulations use element average normals for all computations. Also,
the reference surface must always be the midsurface for these formulations. The Belytschko-Tsay,
YASE, and Bathe-Dvorkin elements differ substantially in the treatment of the higher order varia-
tions in the stress field. The YASE shell is somewhat more accurate on some problems and is more
resistant to hourglassing, while the Belytschko-Tsay element is slightly faster. The fully integrated

16
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Bathe-Dvorkin shell does not require hourglass control, but is computionally more expensive to
use. The membrane element is a specialization of the Belytschko-Tsay shell element which has
only in-plane stiffness, and is slightly faster than the other shell elements.

The two triangular shell elements implemented in this release of DYNA3D are denof the
element and the BCIZ element. TR  triangular shell is based on the work of Belytschko et. al.,
and is described in (Belytschko and Marchertas, 1974), and (Belytschko, Stolarski and Carpenter,
1984). The BCIZ triangular shell element is described in (Bazeley, Cheung, Irons, and Zienk-
iewicz, 1965). Although it is possible to collapse a quadrilateral shell element into a triangle,
elements in this configuration lock due to excessive transverse shear, and therefore this procedure
is strongly discouraged.

The two beam element formulations now available in DYNA3D are the Hughes-Liu beam and the
Belytschko-Schwer beam. The Hughes-Liu beam is an extension of the ideas in the Hughes-Liu
shell to produce a degenerated beam element. This element uses nodal fiber vectors for orientation,
and has a reference surface which may be defined at the midplane, or on the upper or lower beam
surface. This feature is frequently useful when modeling stiffened shells or beam-shell intersec-
tions. One point integration is used along the length, and a choice of pre-defined or user-defined
integration rules is used for numerical integration over the cross section. When used with a user-
defined integration rule, this element can model almost any cross section geometry. The
Belytschko-Schwer beam is based on a resultant beam theory, and is described in (Belytschko,
Schwer, and Klein, 1977). The Belytschko-Schwer beam formulation is based on hermite cubic
shape functions with one integration point along the length. No numerical integration is performed
over the cross section; constitutive models for this element are formulated directly in terms of
forces and moments. One set of element-average orientation vectors is computed and used for all
element calculations. The reference surface for the Belytschko-Schwer beam is always the
midsurface. The Hughes-Liu beam element is considerably more expensive than the Belytschko-
Schwer beam, but may be more accurate for some problems, especially if the cross section is
complex in shape.

The DYNASD truss element is adapted from the Belytschko-Schwer beam element, and is slightly
less expensive. The truss element has only axial stiffness, and may be used for large-displacement
problems.

17



INPUT FORMAT DYNAS3D User Manual

2.7 GENERALIZED RAYLEIGH DAMPING

A global damping capability is implemented in DYNA3D based on concepts from Rayleigh
damping in linear analysis. In traditional Rayleigh damping, a global damping @atrix is
constructed as a linear combination of the mass misltrix ~ and stiffnessknatrix  as

C = aM +BK, (2)
wherea and3 are damping coefficients. This approach can be used to introduce a specified
fraction of critical damping at two frequencies, since two parameters are available.

The Rayleigh damping concept is extended to apply to nonlinear analysis with large displacements
and strains and nonlinear behavior in (Whirley and Engelmann, 1992). The above damping charac-
teristics are preserved in the nonlinear implementation, but no global damping matrix is actually
formed. When used with nonlinear material models, the stiffness proportional damping is found
using the elastic part of the material stiffness, i.e., the stiffness proportional damping contribution
is computed as though the material was linearly elastic with the elastic properties of the nonlinear
material. This approach prevents the amount of damping from varying with the material behavior
(such as plastic yielding), and allows accurate computation of the degree of damping introduced
into the model.

18
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2.8 LUMPED PARAMETER ELEMENTS

DYNAS3D contains lumped parameter elements such as discrete springs and dampers and lumped
nodal masses. This feature allows DYNA3D to be used to solve simple spring-mass models, or to
couple these simple models with complex finite element models. Lumped parameter elements may
be used to connect any combination of deformable and rigid elements, and are often useful in
building rigid body models.

19



INPUT FORMAT DYNAS3D User Manual

2.9 INITIAL AND BOUNDARY CONDITIONS

A transient dynamic problem requires the specification of initial conditions in order to be
completely defined. In DYNAS3D, initial conditions are specified as initial velocities. All initial
velocities may be set to zero by setting a flag in the input, or the initial velocity of every node or a
subset of nodes may be explicitly defined.

The time variation of quantities in DYNA3D is specified by “load curves.” An arbitrary number of
load curves may be defined, and any number of boundary conditions or loads may reference one
load curve. Each load curve may have an arbitrary number of points.

DYNAS3D contains a number of options for modeling the wide range of boundary conditions
encountered in engineering analysis. Nodes may be constrained from translation or rotation in the
global coordinate system. Alternatively, a local coordinate system may be defined and nodes
constrained from translation or rotation in this local system using Single Point Constraints. Any
number of local coordinate systems may be defined in a model. Nodes may be constrained to move
only along an arbitrary but specified line or only on an arbitrarily oriented plane using “Sliding
Boundary Plane” definitions. “Symmetry Planes with Failure” may be defined to constrain a group

of nodes to move only in a specified plane. In addition, a tensile failurestress  may be defined
such that if the tensile stress normal to the plane exageds  in an element, the nodes of that element
are released from the symmetry plane. These released nodes are allowed to move in arbitrary direc-
tions, but may not pass through the Symmetry Plane. This feature is useful for modeling some
oblique penetration problems.

Nodes may be given prescribed velocities as a function of time in any global coordinate direction,
orin an arbitrary direction specified by a given vector. In cases where prescribed velotitreat

are not equal to defined initial velocities, significant dynamic loads are induced in the model due
to the incompatibility of boundary and initial conditions.

Nonreflecting boundaries, also called “transmitting boundaries,” may be defined to simulate semi-
infinite domains and prevent spurious wave reflections due to the finite extent of the mesh. These
boundaries are quite effective, but assume essentially linear material behavior. Thus, itis necessary
to discretize the domain sufficiently far from the region of interest to contain all significant
nonlinear material behavior in the analysis model.

20
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2.10 INITIAL VELOCITIES FOR ROTATING BODIES

The transient dynamic analysis of rotating bodies arises in many areas, including tire and wheel
dynamics, turbomachinery, flywheels, and rotating machine tools. For these problems it is often
required to initialize velocities for some part of the model to be consistent with rotation about an
arbitrary axis. To address this need, DYNA3D allows initial velocities to be computed for a subset
of materials composing a model based on a given angular velocity vector through the origin. This
feature is activated by specifying the number of materials to receive velocity initialization on
Control Card 9 in section 4.1 on page 62, and then giving the angular velocity and list of rotating
materials as described in section 4.46 on page 413. If static initialization (via a NIKE3D stress
initialization file or via a static dynamic relaxation solution within DYNA3D) has been performed,
then the initial velocities computed with this option are evaluated on the statically deformed
geometry.
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2.11 LOADS

Several types of applied loads may be defined in DYNA3D. Most load definitions include time
variation by reference to a load curve, and multiply the load curve value by a scale factor to evaluate
the load to be applied. DYNA3D supports surface loads, body force loads, and thermal loads.

Surface loads may be specified as either nodal forces, follower forces, or surface pressures. Nodal
forces may be defined in arbitrary directions, and may include both point forces and point moments
defined as a function of time. The direction of concentrated nodal loads is fixed throughout the
problem and does not evolve with the deformation. Follower forces may be defined which always
act normal to a plane defined by three nodes. The direction of this force evolves with the defor-
mation to remain normal to the specified plane throughout the analysis. Surface pressure loads may
be defined, and these always act normal to the surface in the current configuration. Pressures may
vary linearly over an element surface, and may be an arbitrary function of time. Alternatively,
pressures may be defined to follow a Brode airblast time history shifted by a given shock wave
arrival time based on the distance from the Brode origin.

Body force loads can be specified to represent physical phenomena such as gravity, electromag-
netic forces, or centrifugal loads due to an angular velocity. Body force loads may be specified as
arising from translational “base acceleration” or from an angular velocity of the model about any
fixed axis of rotation. In DYNA3D, body force loads may be specified by a translational base accel-
erationa , wherea has components defined in the global x, y, and z directions. The body force
densityb is found from
= —pa, )

wherep is the material mass density. In addition, body force loads arising from rotation about an
arbitrary axis through the global origin may be defined by specifying the angular velocity compo-
nents about the global x, y, and z axes. Body force demsity at a point is then found from the
angular velocity vectow and the radius veator (from the origin to the point) by

b=pwx(wxr). (4)
The time variation of angular velocity componenis  may defined using a load curve, but note that
the time derivative of the angular velocitynistincluded in the body force density calculation.

Body force loads can be specified for an entire model, or can be specified by material for a subset
of a model. This is particularly useful when computing initial stresses in rotating parts which
subsequently interact with nonrotating parts, such as the impact of a stationary workpiece on a
spinning machine tool.
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Loads due to thermal expansion are applied by specifying temperature changes with material
models which include thermal expansion. Nodal temperatures may be read from a TOPAZ3D
(Shapiro, 1985) plot database file, or may be individually specified and scaled by a load curve in
the DYNAS3D input file.

Finally, loads may be defined by directly specifying the momentum transferred into the structure
by an external entity. Using the Momentum Deposition option, three components of linear
momentum may be added to an individual solid element at a specified time. This capability can be
used to represent the physical problem of the impact of many small particles onto a larger body, for
example.
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2.12 GENERAL INTERFACE CONTACT

DYNAS3D contains a robust and efficient capability for modeling the mechanical interaction of two
bodies or two parts of a single body. Fourteen different options are offered for defining the behavior
of “slide surfaces” in a wide variety of situations. Twelve of these options are actually general slide
surface definitions, and the other two are special purpose capabilities. These options include facil-
ities for treating interactions between two surfaces, between discrete nodes and a surface, or
between a body and a rigid wall. One option allows material failure along the material surface. All
DYNAS3D slide surfaces accommodate arbitrarily large relative motions, and slide surfaces may be
defined between surfaces of differing element types (e. g., a shell structure may interact with a solid
body). Beam element contact on shells or solids is modeled by defining the nodes of the beam as
discrete nodes impacting a surface, since the beam element itself is mathematically a line and thus
has no area with which to define a surface. Interface pressure distributions on a slidesurface may
be written to a special TAURUS database, or interface forces for each node on a slidesurface may
be written to the “FORCES” output file, as described in section 2.15 on page 32. The interface
forces file also contains the total force across the interface at at given time. There are no limits on
the type or total number of slide surfaces defined for a DYNA3D model. In the remainder of this
section, first each of the thirteen slide surfaces is briefly discussed, and modeling suggestions are
given. The two special purpose capabilities, rigid walls and one-dimensional slidelines, are then
presented.

The twelve types of slide surfaces supported in this release of DYNA3D are:
1. sliding only
2. tied

sliding with separation and friction

single surface

discrete nodes impacting surface

discrete nodes tied to surface

shell edge tied to shell surface

node spotwelded to surface

tied with failure

10. one-pass algorithm for sliding with separation and friction

11. SAND contact (Slidesurfaces with Adaptive New Definitions)

12. automatic contact - generic

13. automatic contact - material and domain limited

14. automatic contact with SAND

© ©® N g
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Slidesurface types 1 through 11 are “defined-surface” options, wherein the user specifies the nodes
or segments on each side of the contact interface. Slidesurface types 12 and 13 are automatic
contact, wherein DYNA3D automatically identifies surfaces which may potentially come into
contact and treats them accordingly. This is a new capability which constantly being improved and
expanded.

A defined-surface sliding interface is defined by specifying one master surface and either a slave
surface or a set of slave nodes, as required by the type of slide surface chosen. Slide surfaces are
defined by listing groups of triangular or quadrilateral segments, and each segment is defined by
three or four corner nodes. These segments are actually element faces which define the surface.
Outward normals are internally computed for segments of solid elements, but for segments of shell
elements the outward normal is defined by the “right-hand rule” from the list of defining nodes.
Care should be taken in defining slide surfaces on shell elements to ensure that the correct side of
the shell element is chosdfach slide surface is designated either a “master surface” or a “slave
surface.” The importance of this distinction is discussed below.

Sliding interfaces and contact in DYNA3D are formulated using a “node on surface” concept, as
described in (Hallquist, 1977) and (Hallquist, Goudreau, and Benson, S@mnodes are

restricted from penetratingastersurfaces. Conceptually, the two-surface algorithms could thus

be thought of as looping over all slave nodes, and for each slave node checking that there is no
penetration through any of the master segments defined for this sliding interface. In the symmetric
treatments, the designation of the two surfaces as slave or master are interchanged, and the
algorithm is applied a second time. Thus, each surface goes through the algorithm once as a master
surface and once as a slave surface. This symmetric approach has been found to greatly increase
the robustness and reliability of slidesurfaces when both surfaces are deformable.

The contact formulations used in single surface (type 4) and SAND (type 11) account for the
thickness of a shell element in contact calculations. All other contact options operate using the
midplane definition of shell elements for the surface definition. Situations arise in modeling
complex objects when both capabilities are needed, and the slide surface type can be chosen to
obtain the desired behavior.

The “sliding only” (type 1) and “tied” (type 2) options are based on a nodal constraint formulation,
and are not symmetric, as described in (Hallquist, 1976) and (Hallquist, 19#8hese types of
slide surfaces, it is important that the more coarsely meshed side be defined as the master surface.
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All other slide surface types may use either a penalty formulation or a Lagrangian projection
formulation and are completely symmetric; the distinction between master and slave surfaces for
these types is for convenience only.

When the penalty formulation is chosen to enforce the contact constraint, a restoring force is placed
on a penetrating node to return it to the surface. This force is proportional to the depth of
penetration, the bulk modulus of the penetrated material, the dimensions of the penetrated element,
and a scale factor specified by the user. The amount of penetration observed is inversely propor-
tional to the chosen scale factor. Using a larger penalty scale factor reduces the observed
penetration, but may make the problem more difficult to solve. Using a smaller penalty scale factor
makes the problem easier to solve, but may lead to unacceptably large interpenetrations. One global
penalty scale factor is defined in the Control Section of the DYNA3D input file, and another penalty
scale factor may be defined separately for each surface of a slide surface pair. The default value of
the global penalty scale factor is 0.10, and the default for the local penalty scale factors is 1.0.
These two factors are combined multiplicatively to arrive at the actual penalty scale factor used for
computations.

When the Lagrangian formulation is chosen to enforce the contact constraint, a restoring force is
again placed on a penetrating node to return it to the surface, but is computed differently. This
option computes the force by determining the predicted location of a node on the interface at the
end of the current time step, and computing the contact force required to place the node on the
surface at the end of the current time step. This method yields exact enforcement of the contact
constraint. Although this construct is a new option in this release of DYNAS3D, early use at LLNL
has shown considerable promise. This option works particularly well for contact between very thin
shells, such as sometimes occurs in sheet forming problems. It addition, it is also advantageous in
modeling contact betweem materials of widely varying stiffness. For contact problems involing
deformable parts impacting rigid bodies, a specialized, inexpensive option is available.

During the initialization phase of DYNA3D, nodes on a slide surface which are initially interpen-
etrating are put back on the surface before the dynamic calculation is begun. A message is written
to the screen and a summary printout is provided in the “hsp” file when this occurs. Initial inter-
penetration may result from errors in the definition of the model, or simply from curved parts of
different mesh densities placed in close proximity to each other. In the latter case, the maximum
distance a node was moved should be a small fraction of the minimum element dimension. An
exception to this procedure is that nodes which are part of a NIKE3D static initialization model are
not moved during DYNAS3D initialization.
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Thesliding only (type 1) slide surface is a two-surface method based on a nodal constraint formu-
lation. The two surfaces are allowed to slide arbitrarily large distances without friction, but are not
permitted to separate or interpenetrate. This option performs well when extremely high interface
pressures are present.

Thetied (type 2) slide surface is not really a slide surface at all, but is a feature for joining two parts
of a mesh with differing mesh refinement. This is also a nodal constraint formulation, so the more
coarsely meshed surface should be chosen as the master surface. Tied interfaces may only be
defined between surfaces defined from brick elements.

Thesliding with separation and friction (type 3) slide surface is the most generally applicable
option. This implementation is a penalty formulation, and allows two bodies to be either initially
separate or in contact. Large relative motions are permitted, and Coulomb friction is included.
Surfaces may separate and come together in a completely arbitrary fashion. Contact between shell
surfaces and solid body surfaces is permitted.

Thesingle surface contac{type 4) slide surface is a penalty formulation used for modeling two
portions of the same body which may come into contact. This situation often arises in buckling
problems, where one surface often develops folds and comes into contact with itself. This option
may be used with either solid or shell element surfaces. Frictional sliding is permitted between
surfaces in contact. When used with shell element surfaces, it is only necessary tode§iue

of the surface in the slide surface definition; internal logic accounts for the possibility that contact
may occur on either side. Due to the complexity of this algorithm, it is slightly more expensive than
the other slide surface options, and therefore should only be used where necessary. The formulation
of single surface contact is described in (Benson and Hallquist, 1990).

Thediscrete nodes impacting surfacétype 5) slide surface is a penalty formulation which allows
separate definition of the slave nodes and master surface. This option is necessarily not symmetric,
since no slave segments are defined. This feature can be used to model the impact of beams or shell
edges onto a solid or shell surface, for example. The target surface is specified as the master
surface, and the nodes of the beams or the shell edge nodes are defined as the slave nodes. Coulomb
friction may be defined between the nodes and the master surface.
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Thediscrete nodes tied to surfacétype 6) slide surface is analogous to the “discrete nodes
impacting surface” option described above except that the slave nodes are required to remain
rigidly attached to the master surface at their initial location. This feature is sometimes useful in
joining two parts of a difficult mesh.

Theshell edge tied to shell surfacétype 7) slide surface is another specialization of the tied slide
surface idea, although the implementation is somewhat different. This option allows the easy
definition of intersections between a shell edge and a shell surface when the mesh spacing prevents
merging nodes.

Thenode spotwelded to surfacéype 8) slide surface is a combination of the type 5 and type 6
slide surfaces. Slave nodes are constrained to remain on the master surface until a prescribed failure
criterion is satisfied. Once the spotweld has “failed,” the node is released and then the slide surface
functions as a type 5 slide surface.

Thetied with failure (type 9) slide surface is an experimental penalty method formulation. This
option functions as a tied slide surface until a prescribed failure criterion is satisfied, thereafter the
slide surface functions as a type 3 slide surface. This option may only be used between surfaces
defined from solid elements.

Theone-pass algorithm sliding with separation and friction(type 10) slide surface is an unsym-
metric implementation of the algorithm described for type 3 above. This option may effectively be
used when one surface is defined as part of a rigid body, as often occurs in metal forming problems.
This algorithm is somewhat less expensive than the symmetric type 3 algorithm, but may yield poor
results if used between two deformable bodies.

TheSAND (type 11 and 14) slide surfaces provide a way to model progressive material failure with
contact. SAND is an acronym for Slidesurfaces with Adaptive New Definitions. A failure criterion

is defined for a volume of material adjacent to a SAND contact surface; these volumes of poten-
tially failing material are calle@AND volumesAs material within an element on (or, for type 14,
within) the contact surface fails, the failed element is removed from the calculation and the slide-
surface definition adapts to the new exterior boundary of the unfailed material. SAND contact may
include solid elements or shell elements or any combination thereof. A SAND volume may be
composed entirely of solid elements or shell elements for simple structures, or may include an
external layer of shell elements followed by layers of solid elements and shell elements as needed
to model a honeycomb or composite structure.
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SAND types 11 and 14 differ slightly. For type 11 surfaces, only the outside surface needs to be
included in the initial sliding interface definition. SAND volumes are defined by listing the
DYNA3D material numbers (not material types) for all materials which comprise the SAND
volume. A SAND contact interface may have a SAND volume on only the master side, on only the
slave side, or on both the master and slave sides. For type 14 surfaces, SAND volumes are selected
from all the brick and shell elements contained in the contact surface and arbitrary contact is
captured.

Removal of SAND volumes from the calculation can be triggered by a variety of mechanisms.
Select material types, e.g., 10, 11, 13, 24, and 35 for solid elements and 15, 19, 22, 24 and 41 for
shells, permit element removal based upon constitutive criteria. Alternatively, SAND volumes can
be removed based solely upon the element timestep size. In penetration problems, the later
approach permits elenets with failed material to remain in the calculation and provide resistance
(e.g., as rubble) until their deformation becomes excessive.

Theautomatic (type 12, 13, and 14) slide surfaces are an expanded in this version of DYNAS3D.
These slidesurfaces eliminate the need for the user to define any contact surfaces or segments.
DYNAZ3D internally finds the outer boundary of all or a subset bodies in the model, and defines the
appropriate contact segments to handle the most general contact conditions, including both
multibody and single surface contact. The formulation of automatic contact is described in
(Whirley and Engelmann, 1993) and (Whirley and Engelmann, 1993a).

“Rigid walls,” also known as “stonewalls,” may be defined to represent a rigid planar surface. This
surface may be stationary, or may be given a mass and a specified initial velocity. Rigid walls
permit modeling unilateral contact without requiring discretization of the target surface, and thus
are considerably less expensive than defining a type 3 slide surface.

Finally, “one-dimensional slidelines” allow truss or beam elements to slide along predefined lines
of nodes. This capability is sometimes useful to represent the pullout of reinforcing bars from a
concrete continuum model, for example. Friction coefficients may be specified to incorporate the
effect of the stress state in the surrounding material on the required pullout force.
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2.13 CONSTRAINT EQUATIONS

Two types of constraint equations may be explicitly defined in DYNA3D: nodal single point
constraints, and nodal constraint equations. Nodal single point constraints restrict the translational
or rotational motion of a specified node in a specified direction. These constraints may be specified
using an arbitrary number of local coordinate system definitions, and many nodes may reference
one local coordinate system. General translational or rotational constraints may be defined using
this option. Nodal single point constraints enforce the constraint exactly, as do global constraints.
This approach is slightly more expensive than constraints defined with respect to global axes, so
global constraints should be used whenever possible. Nodal constraint equations simply specify
that two or more nodes share a global degree-of-freedom.
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2.14 CROSS SECTION FORCES

DYNAS3D allows a cross section to be defined through a structural model, and at selected intervals
will output the total resultant force on this cross section. This feature is often used to quickly
evaluate a global response quantity, such as the total force transmitted from one part of a model to
another.
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2.15 TOTAL INTERFACE FORCES AND REACTION FORCES

The total force across a slidesurface as a function of time can be optionally output from DYNA3D
into either an ASCII print file and/or a binary plot file which can be read by TAURUS or other
postprocessing software. This interface force information is available for all types of slidesurfaces,
including tied slidesurfaces. Thus, it is possible to easily obtain the total cross-section force in a
solid element model by simply defining a tied interface and examining the interface force on this
surface. Details on this capability are described in section 3.6 on page 59. Interface force output
has proven quite useful in many types of engineering analysis, and has been significantly enhanced
in this version of DYNAS3D.

Reaction forces at each prescribed velocity degree-of-freedom may be output at the state plot
interval into a fileFORRCTThis feature is activated by an option in the control section.
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2.16 HIGH EXPLOSIVE PROGRAMMED BURN MODELS

DYNAS3D contains several options for simulating the initiation and burning of high explosives.
Beta burn defines a compression criteria for the ignition of HE. Programmed burn options allow
the specification of lighting times or detonation points for problems where these are known. An HE
ignition and growth equation-of-state allows the study of impact or temperature initiation of
energetic materials, and is useful when the existence and location of detonation points must be
determined by the solution of the boundary value problem. These features have proved useful on a
wide range of problems from explosive metal forming to enhanced oil recovery. Each of the
DYNA3D burn options is described below.

There are two options for determining the lighting time of HE materials, including “beta burn” and
programmed burn. The beta burn option does not use the concept of a lighting time, and computes
a burn fractiorF  directly from

1-V
1-Vg,'
whereV is relative volume and.; is the Chapman-Jouguet relative volume. The programmed
burn option determines an element lighting time based on specified detonation point locations.
Single or multiple detonation points may be defined, and the lighting time of an element is
computed based on the distance from the center of the element to the nearest detonation point.
These burn options allow considerable flexibility in defining the detonation geometry for high
explosive problems.

F = B(1-V) = )

DYNAS3D contains an equations-of-state for modeling the ignition and growth of detonation waves
in high explosive materials. Equation-of-state 7, developed by Tarver and coworkers, models the
behavior of single component explosives. This equation-of-state allows an analysis to determine
whether an explosive will ignite and burn due to pressures and temperatures present in the solution
of the boundary value problem. This model is quite complex, and care is urged in their use.
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2.17 RIGID BODY DYNAMICS

DYNAS3D has the ability to do limited rigid body dynamics modeling. The rigid body formulation

is described in (Benson and Hallquist, 1986). Rigid body nodal lumped masses, springs, and
dashpots are available. Rigid materials can be defined for all element types. This rigid body feature
provides an inexpensive method for modeling portions of a structure that are much stiffer than the
regions of interest. This feature is also convenient in many metal forming problems, where the
punch and die are often effectively rigid.

Two separate rigid bodies may not share any nodes in common. In other words, no one node may
be used in the definition of two elements each of which use a different material if both materials
are defined as rigid. In this case, the two rigid materials must be merged to form one rigid body
using the Rigid Body Merge feature. Alternatively, Rigid Body Joints may be defined which couple
the two rigid bodies leaving specified degrees of freedom unconstrained.

Inertial properties for rigid materials may be defined in one of two ways. By default, the inertial
properties are calculated from the geometry of the elements of the rigid material and the density
specified in the material properties definition. Alternatively, the inertial properties and initial
velocity for a rigid body may be directly specified, and this overrides data calculated from the
material property definition and nodal initial velocity definitions.

Analysis results for rigid bodies may be post-processed in the usual way. Displacements, velocities,
and accelerations are stored in the plot database for each node of a rigid body. It is not meaningful
to plot stresses for elements defining a rigid body, however.
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2.18 ANALYSIS OPTIONS

DYNA3D may be used for transient dynamic analysis, or for quasistatic analysis, or for transient
dynamic analysis with a quasistatic initialization from NIKE3D. A transient dynamic analysis,
using the central difference method, is the default option. A quasistatic analysis may be performed
using the dynamic relaxation option. Although this capability has proven its value in production
calculations, caution should be exercised in its use since monotonic convergence is not guaranteed.
This solution procedure may introduce errors into the soliftioistory dependent materials are
presentin the model. Alternatively, a quasistatic analysis may be performed by simply applying the
loads very slowly and using the transient dynamic analysis option. If the analysis is run until all
significant transient oscillations die out, then the remaining solution is the quasistatic solution. This
procedure may confidently be used with history dependent materials if dynamic oscillations are
kept to a minimum (i.e., loads are applied sufficiently slowly). Finally, a transient dynamic analysis
may be performed using stresses and geometry initialized from a NIKE3D analysis.

At the end of an analysis, DYNA3D can also generate a file to be used as an initialization file in a
subsequent NIKE3D run. This feature is particularly useful when post transient phase long
duration simulation, such as metal forming spring-back, is of interest. Details of this feature are
described in the following section.
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2.19 DYNASD-NIKESD LINK

DYNA3D-NIKE3D link works two ways:

1) Stress/deformation Initialization file from NIKE3D for DYNA3D analysis; activated by
inclucingm=sif in the execution line.

2) Stress/deformation Initialization file generated by DYNA3D for NIKE3D analysis; activated
by using thenikefile keyword input.

The NIKE3D static initialization option provides a versatile capability for incorporating initial
stress and deformation effects in a transient dynamic analysis. Typical applications requiring this
capability include failure analysis of rotating disks and transient dynamic analysis of internally
pressurized thin-wall vessels. Rotating disks often build up large stresses before failure occurs due
to centrifugal forces, and these initial stress fields can influence the post-failure dynamic interac-
tions of the fragments with surrounding structures. Internally pressurized thin-wall tanks
experience considerable pressure-stiffening, and therefore it is important to have the correct quasi-
static equilibrium stresses in the wall material before initiating any studies of transient dynamic
events, such as impact or fracture.

To perform a DYNA3D analysis using static initialization from a NIKE3D analysis, the first step

is to run the NIKE3D analysis and request the output of a stress initialization file. This file is then
specified on the DYNA3D input line, as described in section 3.2 on page 51. The user also has the
option to start the DYNAS3D run with a simulation time of O or the NIKE3D endtime. This is
decided by selecting the proper value for keyword inpastt (see page 73). The DYNA3D model

may be larger than the NIKE3D model, but the part of the model in common must be the lowest
numbered nodes and elements. The portion of the model to be initialized must have the same node
numbers and element connectivities in both the NIKE3D and DYNA3D model. Different shell
element formulations may be used in the DYNA3D and NIKE3D model, but through-thickness
integration rule must be the same in both models.

The ability to enlarge the DYNA3D model above that used for the NIKE3D analysis is quite useful

if only a small part of the dynamic model needs to be initialized, as would be the case with an inter-
nally pressurized tank incorporated into a large structure, for example. The stress initialization
capability is verified only for material type 1 and 3 for NIKE3D generated initialization file at this
time. Expansion into other material types will be completed in the future as necessary. There is no
such limitation for a continuation DYNA3D run from a DYNA3D generated initialization file.
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To create a stress/deformation file at the end of a DYNA3D analysis, users must use the keyword
input nikefile (see page 73) to assign a root file name. The stress/deformation file contains the
nodal displacements, velocities and accelerations for all nodes and stresses and other state/history
variables for all elements. This file can then be used as an initialization file for either a subsequent
NIKE3D or DYNASD run. This procedure is very useful in studying the spring-back phenomenon

in metal forming and the residual stresses in structures as NIKE3 proves to be more effective in
suppressing the excessive high frequency modes after the dynamic analysis.
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2.20 ANALYSIS WITH DYNASD INITIALIZATION DATA

Similar to the NIKE3D static initialization option, previously generated DYNA3D results may be
used to initialize a subsequent, but geometrically identical, portion of a DYNA3D analysis. This
option provides a general method for chronologically altering boundary conditions, slide surface
definitions, load curves, material property coefficients, applied loads, geometry, and other model
attributes. It allows dynamic relaxation to be performed on a model after a complex transient
analysis. The option also facilitates the multiple reuse of DYNA3D results obtained from a
previous dynamic relaxation analysis. Typical uses of this feature include redefining load curves,
extracting residual stresses and deformed geometries via dynamic relaxation, chronologically
changing boundary conditions, and redefining slide surface definitions and attributes.

The procedure involves two steps. First, DYNA3D stress initialization files are generated from an
existing restart file. To do this, a restart input file must be prepared that specifies that either all or
some subset of the materials will be used for stress initialization. Next, using an existing standard
or running restart file and the restart input file, DYNA3D is restarted. (For information on restarting

a DYNAS3D analysis see section 3.4 on page 56.) DYNA3D will terminate automatically after it
extracts all the necessary data from the restart file and writes the stress initialization data files. The
second step merely requires that the stress initialization family file name be specified on the
command line using thean=sdf’ option on the new run. (See section 3.2 on page 51 for additional
information.)

DYNAS3D stress initialization files contain data for: 1) regular elements of selected materials
(deformable or rigid), 2) all discrete elements, and 3) all type 8 nodal constraints (rigid nodal sets).
For each regular or discrete element, the element’s current nodal positions, nodal velocities, and
associated history variables are included. For rigid materials and type 8 nodal constraints (rigid
nodal sets), the center of mass’s current position, displacement, velocity, and inertia are written in
the data file. Explicit node numbers are not included in the file.

Stress initialization is performed only on elements of materials whose old material number is
specified in the restart input file. (See section 5.2 on page 446 and section 5.10 on page 456.) When
NMSI = -1, a one to one correspondence is established between all old and new material
numbers. If fewer new material numbers exist than old material numbers, the extraneous element
data will be ignored. By manually specifying new material numbers for old materials numbers,
material numbers may be changed from their value in the restart file (i.e. old material number) to
their value in the new input file or be left intentionally uninitialized.
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Use of DYNA3D initialization data does not significantly alter how DYNAS3D initializes and
executes an analysis. Near the end of the initialization process, the data contained in the DYNA3D
initialization files is read in andverwritesthe previous data in memory. Regular element data and
rigid body properties are processed based upon old material numbers and internal element
ordering. However, discrete elements and type 8 nodal constraint data is initialized in sequential
order. Thus, the history and nodal variables of the new first discrete element (or type 8 nodal
constraint) are initialized with those of the old first discrete element (or type 8 nodal constraint).
The new second discrete element is initialized with data from the old second discrete element, etc.
The sequence is terminated when either all new discrete elements (or type 8 nodal constraints) are
initialized or all old data has been used. After initialization, DYNA3D then proceeds into the
solution phase. With the exception of the data read in from the initialization files, all model
attributes are established by the new input deck.

Several restrictions exist on the new input file. The initial physical location and connectivity of all
initialized regular elements, discrete elements, and nodes involved in type 8 nodal constraints must
be the same in the new input deck and old input deck. The element ordering, within a single
material number, must be preserved. Consequently, no additional elements may be defined or
excluded from an initialized material. (Material numbers maybe altered for convenience provided
that the mapping from old to new material numbers is specified when generating the initialization
files.) Element formulations, material types, and element attributes cannot be altered. Finally,
although the user is free to modify any model parameter, including material properties and
densities, the validity of the new results will depend upon the appropriateness of such changes.
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2.21 DYNAMIC RELAXATION FOR STATIC INITIALIZATION

DYNAS3D contains a limited capability for performing quasistatic analysis using a dynamic relax-
ation algorithm. This feature is primarily intended to be used to generate a static stress solution as
an initial condition for a transient dynamic analysis, but it has been applied with some success to
the solution of more general static problems.

The dynamic relaxation (DR) method is based on the observation that the long-time limit of a
damped dynamic solution is the quasistatic solution. Damping is introduced through a “dynamic
relaxation factor” (default value=0.995) which multiplies the velocities computed at each step of

a DR solution. This factor can be adjusted by the user if required; increasing the factor decreases
the effective damping while decreasing this factor increases the effective damping.

During then DR static solution process, “time” is really just a parameter to describe the solution
process, and does not correspond to physical time.The current implementation uses a DR time step
equal to the standard dynamic time step. Thus, if it is desired to slowly apply the static loads to
minimize overshoot in the solution, then a short trial dynamic run can be made to determine the
time step size. The static loads to be applied during the DR solution can then be applied over some
number of time steps (typically 2000-5000 but problem dependent), and this determines the time
points to be used on the load curve controlling the static loads.

The currentimplementation of DR in DYNA3D is susceptable to dynamic overshoot if static loads
are applied too quickly. If only history-independent material models (such as elasticity) are used,
then the resulting solution will still be correct and this overshoot behavior is of little consequence.
If history-dependent material models (such as plasticity) are used, however, this dynamic overshoot
can cause yielding which is erroneous, and therefore an incorrect static solution is obtained. Thus,
the DR static solution capability can be used with confidence for elastic initialization, but must be
carefully used with slowly applied loads to prevent overshoot and inaccuracy in history-dependent
static problems.

An “elastic only” option is included in DYNA3D for DR. This feature increases the yield param-
eters of many material models during DR to avoid overshoot in history-dependent materials. The
material parameters are then reset at the start of the transient analysis.
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The stresses and displacements generated by DR can be used in to initialize other DYNA3D
transient analyses. This capability is extremely useful when preforming parameter studies that
influence only the transient portion of an analysis since the DR portion of the analysis need only
be performed once. A new input deck describing the transient portion of the analysis is required.
The only limitation is that the mesh geometry, material model types, and select material coeffi-
cients be identical in the original DR and subsequent transient analysis input decks.

A DR static solution is activated by specifying the “load curve option” for a load curve to control

the application of the static loads, as discussed in section 4.21 on page 334. The dynamic relaxation
factor, the DR time step, and the DR convergence tolerance can be modified from default values on
Control Card 8 as described in section 4.1 on page 62.
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2.22 DYNAMIC RELAXATION FOR STRESSES IN ROTATING BODIES

In many applications such as flywheel design, machine tool safety, or turbine engine containment,
it is important to solve a transient dynamic problem beginning with a stress state induced by
rotational motion. This problem is easily solved in this release of DYNA3D using the dynamic
relaxation option for computing the initial stresses. The part of the model which is rotating should
be identified, by material, as receiving a body force load due to prescribed angular velocity. These
body force loads should reference a load curve which begins at zero and increases to a value
commensurate with the rotational velocity, and remains constant at that value out to some large
time. This load curve should be marked as active for static initialization only. Initial velocities for
these rotating bodies, computed on their post-initialization deformed geometry, may be generated
by specifying on Control Card 9 the number of materials to initialize for rotational motion, and then
listing these materials as described in section 4.46 on page 413. This approach will allow a smooth
transition from the body-force-based calculation of the initial stresses into the transient dynamic
phase where the bodies actually rotate in space. During the transient portion of the analysis, the
rotating bodies may be allowed to rotate freely, or may have rotational velocities prescribed for
them using load curves flagged to be active for “transient dynamic analysis only.” Also, other loads
may be added to the rotational body during the transient dynamic phase, such as impact with
stationary object. The breakaway of part of the rotating body may be easily simulated by various
techniques using restart input files to change nodal boundary condition codes or to delete elements
which tie the broken fragments to the remainder of the rotating body. This is a new capability for
DYNAS3D, and it is expected that users will find many innovative ways to use this feature.
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2.23 RESTART

DYNA3D supports two types of restart: standard restart and running restart. Standard restart files
are written at an interval specified in the input file, and are written sequentially. Standard restart
files are never overwritten, and therefore the analysis may be restarted from any standard restart
dump state. Since these files accumulate, the frequency of writing standard restart files is often
limited by the amount of available disk space. To alleviate this problem, running restart capability
was developed. Running restart files are also written at an interval specified in the input file, but
each running restart dump overwrites the previous dump. Thus, a running restart dump may be
written as often as desired without requiring excessive disk storage.

DYNAS3D allows many changes to the model and analysis at a restart. These changes are specified
in an optional “restart input file,” which is specified in addition to the binary “restart dump file”
which contains the data from the first part of the run. The restart dump file may be either a standard
restart file or a running restart file, and all restart options are supported from either choice. The
restart input file need not be supplied if nothing is to be changed. Analysis options which can be
changed at restart include termination time, plot data dump interval, and restart dump intervals. In
addition, the model itself may be changed during a restart, including deletion of any number of
materials, elements, or slide surfaces, and alterations of nodal boundary conditions for rigid or
deformable materials.
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2.24 MATERIAL MODEL DRIVER

DYNA3D incorporates a Material Model Driver to simplify fitting material models to experimental
data. The driver computes the stress response to a prescribed strain path, and allows the results to
be displayed in an interactive graphics environment. Any stress, strain, or history variable may be
plotted against any other component to allow clear insight into the material model behavior. In the
Material Model Driver, the stress response is computed without inertial effects, so the true consti-
tutive response is shown. This capability is available for all DYNA3D material models for both
shell elements and solid elements, and the material input format is identical to that used for
dynamic analysis. The Material Model Driver is described in detail in Chapter 6 of this manual.
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2.25 COUPLING WITH CRASH VICTIM SIMULATION (CVS) CODES

Two types of coupling are available between DYNA3D and crash victim simulation (CVS) codes:
data link and full coupling.

In the link option, a DYNA3D rigid material representing the occupant compartment is selected,
and its displacement or acceleration time history is written to th€#8&.LNK. This file can then

be easily inserted into a CVS input file to prescribe the motion of the occupant environment for
detailed injury studies. The data link option is activated by specifying the DYNA3D material
number which represents the occupant cage on Control Card 4.

The full coupling option allows the CVS representation of the occupant to impact interior surfaces
in the passenger compartment, and thus yields a more realistic simulation. In the currentimplemen-
tation of this coupling, during a time step the CVS program gives to DYNA3D the positions and
orientations of each ellipsoid. DYNA3D then uses its contact algorithms to evaluate the total force
and moment arising from impact between the ellipsoid and the occupant environment, and
transmits this information back to the CVS code. To use this full coupling, the DYNA3D model
should contain a geometric representation of the ellipsoids in the CVS model, and each ellipsoid
should be defined as a separate DYNAS3D rigid material.

The CVS coupling has been implemented to two specific CVS codes: MADYMO and ATB.
MADYMO is a commercial code developed and distributed by TNO, and is described in (TNO,
1992) ATB is a U.S. government-developed CVS code (Obergefell, Gardner, Kaleps, and Fleck,
1983). The coupling between DYNA3D and these CVS codes uses the public domain PVM
message passing library to implement the interface, and therefore should allow new versions of
either DYNA3D or the CVS code to be used in the coupling with little or no additional effort..

As DYNAS3D's use has grown rapidly in the crashworthiness area, it is expected that this CVS link
should be useful to analysts in evaluating safety aspects of a variety of vehicles including automo-
biles, airplanes, and helicopters.
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2.26 STRESS INITIALIZATION FOR NIKE3D

DYNA3D can now generate stress initialization data for NIKE3D from any restart file. This new
and experimental feature permits the static or long term dynamic solution to be ascertained using
NIKE3D. The stress initiialization data files are generated from a DYNA3D restart input file and
either a standard or running restart file.
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2.27 ELEMENT DELETION

Elements which are severely distorted often indicate that material has failed and supports little
load, but these same elements may have very small time steps and therefore control the cost of the
analysis. The element based time-step deletion option allows these highly distorted elements to be
deleted from the calculation, and therefore the analysis can proceed at a larger time step, and thus
at areduced cost. Deleted elements differ from failed elements in that deleted element do not carry
any load while constitutively failed elements may carry load in selected modes, e.g., as rubble.

All brick, beam, shell, and thick shell elements may now be selectively removed from the calcu-
lation based upon several criteria. Many material models contain failure criteria which can be used
to trigger element deletion. The user can also input a timestep size based criteria. For each or all
materials, an absolute timestep size as well as a fraction of the initial timestep size may be
prescribed. When an element’s maximum stable timestep size falls below the timestep criteria, the
element is deleted from the calculation. Clearly, this option must be judiciously used to obtain
accurate results at a minimum cost.

Element deletion and slide surfaces are not fully compatible. While facets of deleted shell elements
are automatically removed from all slidesurface types, facets of solid elements are only deleted
from SAND slide surface definitions.
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2.28 DYNAS3D-PENCRV3D link

PENCRV3D is a target resistance predicting program for penetration simulation. Itis developed by
Mark Adley et. al. (Adley, Berger, Cargile and White, 1999) of the U.S. Army Engineer Waterways
Experiment Station. Given the projectile characteristics and the descriptions of the target media
and their surrounding environment, PENCRV3D employs a series of empirical formulas and
cratering algorithms to calculate the projectile surface pressures caused by the target resistance.
The main objective of this target resistance approach is to avoid modeling the target media, which
sometimes expand to half-space in 3D analysis, with costly finite elements.

PENCRV3D is integrated into DYNA3D as a pressure load generating module. The link between
these two codes was established by following the guidelines desribed in (Danielson and Adley,
2000). To use this feature in a penetration analysis, the projectile usually is modeled by finite
elements, and the descriptions of the target structure, along with additional projectile character-
istics, are included in a separate auxiliary file. Keyword ipputcfile must be used to designate

the auxiliary PENCRV3D input file, and keyword optieencvmatmust be used to assign the
projectile materials. The data in PENCRV3D input file and their format are described in the UCRL
report by Jerry Lin (Lin, 2000).

Other optional keyword input relevant to DYNA3D-PENCRV3D link peanoseandpentail,

which designate the node numbers for the nose tip and the tail centroid of the projectile. The nose
tip of the projectile must be at the origin of the global coordinate at the beginning of the simulation.
Nodes must be assigned to the nose tip and the centroid of the projectile tail so that the orientation
of the projectile can be properly updated in every time integration stppniioseandpentail are

not defined by the user, DYNA3D will sort through the material list provided by the keyword
option entrypencvmatfor these nodes. The analysis will be terminated and a error message issued
if no nodes can be identified as the nose tip and the centroid of the tail.

To activate the DYNA3D-PENCRV3D linlgencfileandpencvmatmust be included in the

DYNA3D keyword and keyword option input. In the PRESSURE LOADS section in the DYNA3D
input, segments subject to pressure generated by PENCRV3D must have a -3 as the load curve
entry. This feature is currently available only to DYNA3D users affiliated with LLNL and selected
U.S. federal agencies.
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3.0 ANALYSIS WITH DYNA3D

The typical engineering analysis process begins with a physical description of some problem or
system to be studied. First, a pre-processor or mesh generator is used to construct the model. This
program writes a DYNA3D input file. This input file is a standard ASCII text file, so it may be
edited or modified at this stage, if desired. Next, the DYNAS3D analysis is run, which generates the
ASCII printout file and a number of binary plot and restart files. The analysis may be conducted all

in one run, or there may be multiple DYNA3D terminations and restarts in this part of the process.
Finally, a post-processor is used to read the binary plot files and create display and hardcopy
graphics output of desired quantities. Each of these steps is described in the sections that follow.
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3.1 PRE-PROCESSING AND MODEL GENERATION

DYNAS3D does not contain any significant model generation capability, and relies totally on
external software for this task. The LLNL mesh generator INGRID (Christon, Dovey, and
Hallquist, 1992) is widely used at LLNL and provides full support for all DYNA3D analysis
options. In addition, many of the widely-used commercial pre/post-processing codes are now
supporting DYNA3D The format of the DYNA3D input file is described in Chapter 4 of this
manual. Since the DYNASD input file is in ASCII text format, many users find it convenient to do
all model generation on an engineering workstation, and then transfer the DYNA3D input file to a
larger computer to run the analysis.
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3.2 STARTING A NEW DYNASD ANALYSIS

The execution line for DYNA3D varies slightly depending on the computing platform. On all
systems except VAX/VMS, the execution line is:

dyna3d =inf, o=otf, g=ptf, d=dpf, f=thf, t=tpf, a=rrd, m=sif, s=iff, u=isfl, v=isf2, b=rlf

where

inf=input file name

otf=printed output file name

ptf=binary state data plot file name (for post-processing)
dpf=binary standard dump file name (for restarting)

thf=binary time history data plot file name (for post-processing)
tpf=binary TOPAZ3D plot file name (for temperature profiles)
rrd=binary running dump file name (for restarting)

sif=binary NIKE3D initialization file name (for static initialization)
sdEbinary DYNA3D initialization file name

iff=binary interface force plot file name (for post-processing)
isfl=binary interface save segment file name for writing data
isf2=binary interface save segment file name for reading data
rif=binary plot file name for dynamic relaxation data (for post-processing)

On VAX/VMS systems, the execution line is:

run dyna3d

The user then types the file name specifications when prompted:

i=inf, o=otf, g=ptf, d=dpf, f=thf, t=tpf, a=rrd, m=sif, n=sdf s=iff, u=isfl, v=isf2, b=rlf

File names must be unique and can have up to sixty-four characters. When starting an analysis, the
input file name must be specified. For example,

dyna3d i=inf
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is a valid execution line. The specification of other file names is optional, except as noted below.

A TOPAZ3D plot file namet=tpf, must be specified if nodal temperatures are to be read from a
TOPAZ3D plot file. A stress initialization file nanma=sif or n=sdf must be specified if it is

desired to initialize the DYNA3D model using the stresses and deformations from a NIKE3D or a
previous DYNA3D analysis. DYNAS3D creates an interface force plot file for post-processing when
an interface force plot file namssiff, is specified on the command line. Similarly, DYNA3D only
creates an interface save segment file when an interface save segment fileiafheas given on

the command line. An interface save segment file name for read#gf2, must be specified when
stored data is to be read from an existing interface save segment file.

Due to the large volume of data generated by a typical DYNA3D analysis, printed results output is
of limited use and is not generated by default. Printed results may be obtained for nodes and
elements selected in time history blocks by specifyitgsp on the DYNA3D execution line. This

flag will signal DYNA3D to write the results for the selected nodes and elements into the printed
output file instead of into a binary time history data plot file.

The default file names for DYNA3D files are given in Table 1. It is expected that all file names will
have a file extension dDATon VAX/VMS systems, however, this extension should never be
specified in defining a file name. No file name extensions are expected on non-VMS systems.

identifier  default file name purpose

inf (none) input file

otf d3hsp printed output file

ptf d3plot binary plot state data file

dpf d3dump binary standard restart dump file

thf d3thdt binary time history plot data file

tpf (none) TOPAZ3D plot file containing temperature data
rrd runrst binary running restart dump file

sif (none) stress initialization file from NIKE3D

sdf d3sint stress initialization file fromDYNA3D

iff (none) interface force plot data file

isfl (none) interface segment save file to be created
isf2 (none) interface segment save file to be used

rif d3drlf binary plot data file for dynamic relaxation
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Binary file sizes are set depending on the computing platform being used. Like the other codes in
the MDG set, DYNA3D uses a familied file system to control the length of individual files. In this
system, a root file is augmented by additional “family members” when data to be written exceeds
the set file length. New family members are named by appending a two digit number to the root
name. For example, following an analysis with several state dumps written to the plot state
database, the resulting family of binary files might be

d3plot

d3plot01
d3plot02
d3plot03.

If, instead of the default, the binary state data plot file ngepétdat had been given on the
command line, the resulting file family would be

pltdat

pltdatO1
pltdat02
pltdat03

Note that file families are specified by their root name, and that there is a maximum of 100 files in
a family.
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3.3 INTERACTIVE ANALYSIS STATUS QUERY AND EDITING

DYNAS3D offers several “sense switches” to allow the brief interruption of an analysis to request a
status report, request that a plot state or restart file be written at the current time, or to cleanly
terminate the run. To use sense switches on CRAY/NLTSS, simply type the desired switch while
DYNA3D is executing. On CRAY/UNICOS, VAX/VMS, and SUN/UNIX machines, first interrupt
execution by typing etrl  >c, and then enter the desired sense switch at the prompt. The
following four sense switches are available:

Type Response
edit DYNAS3D pauses to allow user to interactively edit
control card parameters.
stop DYNA3D terminates with out writing a restart file.
swl A restart file is written and DYNA3D terminates.
sw2 DYNA3D responses with time and cycle numbers.
sw3 A restart file is written and DYNA3D continues.
sw4 A plot state is written and DYNA3D continues.
swh, Force dynamic relaxation convergence and start transient analysis.
time DYNA3D responses with CPU & wall timing information.

Theedit sense switch permits user to pause an active DYNA3D run, interactively edit the control
card options, e.g. time interval between complete plot files, and resume the run. After interrupting
the run with <trl  >c and entering the switoidit, a “Enter edit command :” promt will be
displayed. Commands are entered exactly the same way free format control card data is prescribed.
To end the edit session and resume the rureniléee keyword command must be issued. For
example, an interactive edit command session to change the plot interval would look like:

<ctrl >c
.enter sense switch: edit

Edit phase initiated. Enter "endfree" to terminate edit phase and
continue execution.

Enter edit command: pltc 1.0e-6
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Enter edit command: endfree

Edit phase complete. Execution continued.

time= 2.0786E-02 dt= 6.6944E-06 k.e.= 1.2954E-01

i.e.= 0.0000E+00 te=1.2954E-01 e.w.= 0.0000E+00

rbvx=-5.5357E-01 rbvy=-5.5357E-01 rbvz= 1.7210E+00

dt of time step 3110 is controlled by solid element 1

time per element-step= 872 microseconds

During an edit session, only run time control card parameters such as print, plot, restart and dump

intervals should be modified. Geometry (e.g., number of nodes and elements) and problem
defintion parameters (e.g., number of slide surface) should never be altered.
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3.4 RESTARTING A DYNA3D ANALYSIS

The execution line for restarting a DYNA3D analysis from either a standard restart dump file or a
running restart dump file is

dyna3d i=irf, r=rtf, o=otf, g=ptf, d=dpf, f=thf, t=tpf, a=rrd, s=iff, u=isfl, v=isf2, b=rlf

where
rtf=binary restart dump file name, including the full family name (e.g., d3dump03)
irf=optional restart input file name
and the other file designations are as given in Section 3.2. The restart file name speaifietfl by
may be either a standard restart file or a running restart file. In either case, care must be taken to
specify the entire name of the file, and not just the root name (e.g., d3dump03, not just d3dump).
This is necessary since family members in a standard restart dump sequence represent different
points in an analysis, and it is necessary to specify which restart dump is to be used as the starting
point for the current restart run. Some very large problems require two standard restart dump file
family members to store the required data for one restart dump. This case is easily recognized since
DYNAS3D writes to the screen the name of the first file in which a specific restart dump is written.
In most cases, the first three restart dumps would produce messages to the screen like

restart file d3dump01 written, 186350 words
restart file d3dump02 written, 186350 words
restart file d3dump03 written, 186350 words

For very large problems, the first three restart dumps would produce messages to the screen like

restart file d3dump01 written, 1586232 words
restart file d3dump04 written, 1586232 words
restart file d3dump07 written, 1586232 words

When restarting these very large problems, the restart dump file name speaifieid by the
command line should name the first restart file family member for the desired restart dump. For
example, to restart the very large problem above from the second restart dump state, a valid
execution line might be

dyna3d r=d3dump04
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Specifying the name of restart files is thiely time a family file member name should be specified
including the two digit suffix.
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3.5 POST-PROCESSING AND RESULTS DISPLAY

DYNAS3D writes up to three binary plot databases. The state data plot file family contains infor-
mation for complete states at relatively infrequent intervals; 50 to 100 states of data are typical in
a state database. The time history data plot file family contains information for only selected nodes
and elements, but at much more frequent intervals; 1000 to 10,000 states of data are typical in a
time history database. The interface force plot file family, if requested, contains information about
the normal and shear forces on DYNAS3D slide surfaces.

There are two LLNL codes which can be used to visualize results from DYNA3D: TAURUS
(Spelce and Hallquist, 1991) and GRIZ (Dovey and Spelce, 1993). In addition, there are several
commercial pre/post-processors which can read and display the DYNA3D database, and more are
coming. The LLNL TAURUS and GRIZ codes are briefly described below.

TAURUS is the older of the two LLNL post-processing codes, and uses a command-line based user
interface with X-Windows graphics for portability. TAURUS can read any of the three binary plot
databases produced by DYNA3D. TAURUS allows plotting of color contours, fringes, deformed
shapes, and time histories in an interactive graphics environment. TAURUS fully supports unstruc-
tured meshes with arbitrary combinations of beam, shell, and solid element classes. TAURUS can
compute a variety of strain measures, momenta, and other response quantities of interest. An inter-
active help package describes new commands and provides assistance to new or infrequent users.
TAURUS is supported for the same computing platforms as DYNA3D: CRAY, VAX/VMS, SUN,
SILICON GRAPHICS, and the IBM RS/6000. TAURUS uses the public domain graphics library
DIGLIB, developed by Hal Brand at LLNL. DIGLIB supports a large number of display and
hardcopy graphics devices, including X-Windows and Postscript (black and white or color) for
hardcopy output.

GRIZ is a ground-up new LLNL code for visualization of finite element results. It is under
intensive development at the time of this writing, so the following information is subject to change.
GRIZ is currently oriented toward hardware-based graphics systems and uses the GL library,
although future versions may remove this requirement. GRIZ provides support for modern 3-D
visualization techniques such as isosurface display, cutting planes, and display of vector data, all
within a menu-driven graphical user environment. GRIZ also provides support for animating data
over time and for storing animation frames to a video disk. Initial GRIZ development is aimed at
supporting the DYNAS3D state database, with time history database and interface force database
support to follow in subsequent releases.
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3.6 INTERFACE FORCES AND NODAL REACTION FORCES

The total force across a slidesurface as a function of time can be optionally output from DYNA3D
into either an ASCII print file and/or a binary plot file which can be read by TAURUS or other post-
processing software. This interface force information is available for all types of slidesurfaces,
including tied slidesurfaces. Thus, it is possible to easily obtain the total cross-section force in a
solid element model by simply defining a tied interface and examining the interface force on this
surface. Details on this capability are described in section 3.6 on page 59. Interface force output
has proven quite useful in many types of engineering analysis, and has been significantly enhanced
in this version of DYNAS3D.

Interface forces can be written to an ASCII printout file cai€aRCE $f flags are set on the Slide-
surface Control Card described in section 4.28 on page 351FOREESile contains interface

force data at the time interval specified for state plot output. At each output time, a block of
interface force data is written for each side (slave/master) of each slidesurface for which output has
been requested. For each block of slidesurface data, the total force acting on the side of the interface
is first written in global components. Next, if requested, three lines of data are given for each node
on the interface. The first line is the interface force at that node in global coordinates. The second
line is the same interface force in a local coordinate system oriented with a local mormal to the
surface and two local basis vectors a@&nd in the plane of the interface. The third line gives the
global coordinates of this interface node. It is hoped that this data format FORECESile will

be convenient for users who want to import this data into another program for display or plotting.

Interface force data can also be written to a binary plot file by specifying a file name using the
s=filenameon the command line, as described in section 3.2 on page 51. This option writes contact
segments into the database as though they were shell elements, and they can therefore be viewed
as a surface at a fixed time in the analysis. Time history plots of total force on an interface, in global
components, can be generated with the TAURUS post-processor, and possibly with other codes as
well.

In TAURUS Phase 2, time history plots of interfaces are generated using the

FTIME cnsls2...sn
command, where is the interface component numbers the number of interface sides to plot,
andslto snare the interface sides to be plotted. Interface component numbers are 1 for x-force, 2
for y-force, and 3 for z-force, and may be displayed usingafB®MP command. Interface sides
are numbered by beginning with the slave side of slidesurface one as interface side one, the master
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side of slidesurface one as interface side two, and proceeding sequentially through all slidesurfaces
in the DYNA3D model. Thus, the slave side of DYNA3D slidesurface k is numbered 2k-1, and the
master side has interface side number 2k. Note that only a slave side exists for single surface
contact, and thus this numbering scheme must be modified if single-surface slidesurfaces are
present. Caution should be exercised in determining interface side numbers as no internal validity
checking is done in TAURUS, and erroneous plots will be generated if invalid interface side
numbers are requested.
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4.0 INPUT FORMAT

The following sections describe the input for DYNA3D. Notational conventions are described in
section 2.1 on page 9. Numerous notes and explanations are given to describe the purpose and
application of specific features. The DYNA3D input file is entirely ASCII, and is completely
portable across all computer platforms.
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4.1 CONTROL CARDS

Following is the input description for the ten control cards. A set of notes on control card entries
follows at the end of this section.

Card 1
Columns Quantity Format
1-72 Heading or problem title A72
73-74 Code input format A2

EQ.87:input follows format of User Manual, Rev. 3, 1987
EQ.88:input follows format of User Manuals since 1988

76-80 Large format option (default in INGRID, use if node numbers A5
exceed 99999); input “large”
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CONTROL CARDS

Columns

1-5
6-15
16-25
26-35
36-45
46-55
56-65
66-75
76-80

Card 2

Quantity Format
Number of material\NMMAT 15
Number of node®N\UMNP 110
Number of solid (brick) elementsUMELH 110
Number of 2-node beam and truss elem&HtEVIELB 110
Number of 4-node shell elemetd)MELS 110
Number of 8-node thick shell elemeMN&IMELT 110
Number of interface segments for linkiNdJMIFS 110
Output interval for interface segment save file (ORJFS E10.0
Scale factor for minimum shell element time sTEPLIMT E5.0
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Columns

1-5
6-10
11-15
16-20
21-25
26-30

31-35

36-40

41-45

Card 3

Quantity Format
Number of node time history blocks (maximum of 2000p,TH 15
Number of solid element time history blocks (maximum of 208@)TH 15
Number of beam element time history blocks (maximum of 2008Y,B 15
Number of shell element time history blocks (maximum of 2008)'S 15
Number of thick shell element time history blocks (maximum of 2000), 15
NSTT
Number of steps between problem status red&EDIT 15

EQ.O: default set to 1000
Reaction forces print flatFCRCT IS5
EQ.O: no printing
EQ.1l: reactions at nodes with prescribed velocities are written to
the fileFORRCT
Discrete (lumped parameter) element forces printiffl@@pPI1S 15
EQ.O: no printing
EQ.1: forces in all discrete element are written to the=d&DIS
Element deletion (SAND database flag) & automatic contact debug, 15
ISANDB
EQ.O: failed elements not deleted, no SAND info in plot database
EQ.1: failed elements are deleted, SAND info in plot database
EQ.2: automatic contact database and debug option
EQ.10:same as 0, except the failed shell element information is not
printed in thed3hspfile.
EQ.11:same as 1, except the failed shell element information is not
printed in thed3hspfile.
EQ.12:same as 2, except the failed shell element information is not
printed in thed3hspfile.
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Card 4
Columns Quantity Format
1-5 Unused at this time
6-10 Number of sliding boundary plan@é$l/MRC 15
11-15 Number of symmetry planes with failuMUMRCF 15
16-20 Number of points in density vs. depth cuN&MDP 15
21-25 Brode function flagBRODE 15

EQ.O: Brode functions are not used.
EQ.1: Brode function parameters are defined in input.
EQ.2: HE function parameters are defined in input.

26-30 Number of rigid body merge caréRBC 15
31-35 Nodal coordinate format: either E10.0 or E20l(F A5
36-40 Number of cross section definitions for force outhlitMCSD 15
41-50 Time interval between output of cross section folC&DINC E10.0
51-55 ATB/MADYMO rigid body code link flagMATATB 15

EQ.O: No link file is written.
EQ.N: Link file containing displacements is written for rigid material N.
EQ.-N:Link file containing accelerations is written for rigid material N.

56-60 Number of ellipsoids for coupled CVS analy8isJADEL 15
61-65 Number of air-bag gas flow moddi8JMAIR 15
66-70 Number of delamination elemenBs:LAM 15
71-75 Number of slide surface activation/deactivation catdsviISVT 15
76-80 Neglect plastic response during dynamic relaxabbhTDRE 15

EQ.O:Material properties are unaltered.
EQ.1:Material yield strengths are increased 1y during dynamic
relaxation and are reset to the inputted values for the transient analysis.
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Columns

1-5
6-10
11-15
16-20
21-25
26-30
31-35

36-40
41-45

46-50

51-55

56-60

61-65

66-70

71-75
76-80

Card 5

Quantity

Number of load curve®y\LCUR

Number of concentrated nodal loaN$/MCL

Number of element faces having pressure loads aphligMPC
Number of prescribed velocity/acceleration cakisMVC
Number of rigid wallSNUMRW

Number of nodal constraint cartddJMCC

Initial condition flag|NITV
EQ.O: initialize velocities to zero
EQ.1: initial velocities are read from the input file

Number of sliding interfaceslUMSV

Base accelerationn -directiod,THP X
EQ.O: no
EQ.1: yes

Base accelerationyn -directiddTHPY
EQ.0: no
EQ.1: yes

Base accelerationm -directioN,;THPZ
EQ.0: no
EQ.1: yes

Angular velocity abouwt -axiyTHSX
EQ.O: no
EQ.1: yes

Angular velocity aboyt -axifNTHSY

EQ.0: no
EQ.1: yes

Angular velocity about -axis\THSZ
EQ.0: no
EQ.1: yes

Number of solid elements for momentum depositialL.MD

Number of detonation pointdDTPTS
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Columns

1-10
11-20
21-30

31-35
36-40
41-50

51-60

61-65

66-70

71-80

| Card 6 I

Quantity Format
Termination timeENDTIM E10.0
Time interval between writes of time history plot d&R&,TC E10.0
Interval between state plot data and interface force data Ait@<; E10.0

GT.0.0:Time interval between data writes
LT.0.0: The absolute value of the load curve number that specifies
the plot time interval as a function of analysis time.

Number of time steps between writes of restartiR@ ECK 15
Number of time steps between writes of running restarhNiIBRRF 15

Initial time step sizédDT20LD E10.0
EQ.0.0:DYNA3D determines initial step size

Global scale factor for sliding interface penalty stiffn84sSFAC E10.0
EQ.0.0: default =.10

Thermal effects optiohTEMP 15

EQ.O0: no thermal effects

EQ.n: temperature-time history is defined by load curve n

EQ.-1: nodal temperatures are defined in TOPAZ3D generated plot files

EQ.-2: nodal temperatures use Temperature Data Option 2

EQ.-3: real-time DYNA3D-TOPAZ3D coupling, available to
LLNL users only at this time.

EQ.-4: use Temperature Data Option 2 as initial nodal temperature;
subsequent temperature history are defined in TOPAZ3D
generated plot files.

EQ.-9999: nodal temperatures use Temperature Data Option 1

Reset default hourglass and bulk viscosities| R 15
(Defaults may be reset via keywords without settiR@ = 1 )
EQ.1: new defaults are read on Control Card 10

Time step scale factarSSFAC E10.0
Negative scale factor indicates a constant time step for the entire analysis.
The absolute value of the scale factor will be used as the constant time step.
(Default =.90, if high explosive materials are used, the default is

lowered t0.67)
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Columns

1-5
6-10
11-15
16-20
21-25
26-30
31-35

36-40

41-45

46-50
51-55
56-60

61-65

66-70

71-75

Card 7

Quantity Format

Number of rigid body joint definition®\JT 15
Number of rigid bodies for which extra nodes are defiNed RA 15
Number of shell-solid element interface definitid¥B,LK 15
Number of tie-breaking shell slidelin®sTBSL 15
Number of tied node sets with failuRT NWF 15
Load curve number that limits maximum time step size (optidn@aly,M 15

Flag for lumped parameter springs, dampers, and massiMP&D 15
EQ.O: no discrete springs, dampers, or masses
EQ.1: discrete springs, dampers, or masses are input

Number of rigid bodies for which optional inertial properties are
defined, NUMRBI 15

Flag for output shell-strain tensors at inner and outer gauss pSIREN 15
EQ.O: no additional data written
EQ.1: data written to plot database

Number of material groups for deformable-rigid switchMiylSWCH 15
Number of mass proportional damping setBAMP 15
Hughes-Liu shell normal update optibRN XX 15

EQ.-2: unique nodal fibers

EQ.-1: compute normals each time step
EQ.O: default set to -1

EQ.1: compute on restarts

EQ.n: compute every n time steps

Shell thickness change optid8,TUPD 15
EQ.O: no change
EQ.1: membrane straining causes thickness change

Default shell element formulatiolBELY T 15
EQ.1l: Hughes-Liu
EQ.2: Belytschko-Tsay (default)
EQ.3: BCIZ (triangle)
EQ.4: C° (triangle)
EQ.5: Membrane
EQ.6: YASE

Number of nonreflecting boundary segmedtsRBS 15
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Card 8
Columns Quantity Format
1-5 Number of nodal single point constraits)DSPC 15
6-10 Number of coordinate systems for single point constraif88 COR 15
11-20 Reduction factor for initial time step size to determine minimum time E10.0

step size TSMIN ).At.i, = Atinisiat X TSMIN  wherAt;,;;o IS the
initial step size determined by DYNA3D. Whén,;, is reached,
DYNA3D terminates with a restart dump.

21-25 Number of user specified beam integration rudSBIR 15

26-30 Maximum number of integration points required in the user specified 15
beam integration rulePUBR

31-35 Number of user specified shell integration ruld&]SIR 15

36-40 Maximum number of integration points required in the user specified 15
shell integration ruledMPUSR

41-45 Number of iterations between convergence checks for dynamic 15
relaxation option (default=250NRCY CK

46-55 Convergence tolerance for dynamic relaxation option (default=0.001), E10.0
DRTOL

56-65 Dynamic relaxation factor (default=.99BDRFCTR E10.0

66-75 Scale factor for computed time step during dynamic relaxat®8FDR ; E10.0

if zero, theTSSFDR is set toTSSFAC defined on Control Card 6. After
converging, the scale factor is reseft®8SFAC

76-80 Basis of time step size calculation for 4-node shell elem &) 15
EQ.O: characteristic length=area/(longest side)
EQ.1: characteristic length=area/(longest diagonal)
EQ.2: based on bar wave speed and
max (shortest side, area/longest side)
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Columns

1-5

6-10

11-15
16-20

21-30
31-35
36-40
41-45
46-50

51-60
61-70
71-80

Card 9

Quantity

Format

Plane stress plasticity algorithm option for shell elemdnt3ER
EQ.1: iterative plasticity with 3 secant iterations (default)
EQ.2: full iterative plasticity
EQ.3: stress scaling noniterative plasticity

Printout flag for element time step sizes on the first celESPF
EQ.1: the governing time step size for each element is printed.
When a non-zero initial time step size is specified, elements
whose time step size are smaller than the prescribed initial
size are flagged as well.

Number of one-dimensional slideline definitioNd,DSL

Dynamic relaxation database flHQRINT
EQ.1: write plot database at every convergence check
during dynamic relaxation into the DR database

Not currently used

No. of materials with stiffness proportional Rayleigh dampg\igAMP
No. of material sets to initialize for rotational motillROT

No. of material sets with body force loaN$/BDF

Geometry and integration order for stress upds®RPDER
EQ.O: default=1
EQ.1: first order accurate and end-step geometry (default)
EQ.2: second order accurate and mid-step geometry
EQ.3: exponential map (exact) and mid-step geometry

Ratio of current to initial energy for abdsTPFAC
Initial minimum time step for mass augmentatib8L. MAI

Sustained minimum time step for mass augmentatisaMAS

E10.0
E10.0
E10.0
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Card 10
Optional Default Viscosity Reset Card
(define only if IRQ=1)

Columns Quantity Format

1-5 Hourglass stabilization methddjQ 15
For hexahedral elements
EQ.O0: default=2
EQ.1: standard DYNA3D (viscous form)
EQ.2: Flanagan-Belytschko (viscous form)
EQ.3: Flanagan-Belytschko with exact volume integration (viscous form)
EQ.4: stiffness form of type 2 (Flanagan-Belytschko)
EQ.5: stiffness form of type 3 (Flanagan-Belytschko exact volume)
EQ.6: selective-reduced 8-point hexahedral element (B-bar)
EQ.7: physical stablization (models 1, 2, 3, 18, & 56 only)
EQ.8: total displacement physical stablization (models 2 & 46 only)
EQ.9: physical stablization - exact volume (models 1, 2, 3, 18, & 56 only)
EQ.10: total displacement physical stablization - exact volume
(models 2 & 46 only)
EQ.12:fully integrated, 8-pt. hexahedral element
For shell, thick shell and beams
EQ.O: default=2
EQ.1: standard DYNA3D (viscous form)
EQ.2: Flanagan-Belytschko (viscous form)
EQ.3: Flanagan-Belytschko with exact volume integration (viscous form)
EQ.4: stiffness form of type 2 (Flanagan-Belytschko)
EQ.5: stiffness form of type 3 (Flanagan-Belytschko exact volume)
EQ.6: viscous form type 2 and stiffness form type 3 (shells only)

5-15 Hourglass stabilization coefficiel@ , default=.10) E10.0
Values ofQH that exceed .15 may cause instabilities. The recommended
default applies to all options and element types. The stiffness forms can
stiffen the response, especially if deformations are large, and therefore
should be used with care.

16-20 Bulk viscosity type for shock captutB,Q 15
EQ.O: default=1
EQ.1: standard DYNA3D

21-30 Quadratic bulk viscosity coefficie®QSL , (default=1.5) E10.0
31-40 Linear bulk viscosity coefficielBQS , (default =.06) E10.0
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For all 4-node shell elements except YASHG < 3 gives the viscous form of Belytschko-Tsay

hourglass stabilization, antiG = 4  or 5 gives the stiffness form. Currently, only these two stabi-

lization algorithms are available for 4-node Belytschko-Tsay and Hughes-Liu shell elements and
membrane elements. The above stabilization algorithms do not apply to the 4-node YASE shell

element formulation.

A bulk viscosity method is used to smear shock fronts across a small number of solid elements.
This procedure improves numerical behavior and minimizes spurious oscillations which may
appear in the vicinity of strong shocks in numerical models.
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4.2 KEYWORD-BASED CONTROL FEATURES

Keyword-based control information is inserted immediately following the last fixed-format control
card (either control card 9 or card 10). Keyword control features and parameters are free-formatted
and space delimited. Upper or lower alphabetic characters are permitted, and multiple keywords
and parameters may be specified on a single line. Keyword control information overrides any
values previously specified in either the control card section or keyword section. The general
syntax for keyword input is:

keyword parameterl parameter2 ... parameterN

Here the bold-typ&eyword is the control keyword and is immediately followed by its N param-
eters. Multiple keyword definitions may be defined on a single line or a single definition may span
multiple lines. However, neither keywords nor individual parameters may span more than one line.
In the 97 input formathe keyword-based control section must be terminated by the keyword
“endfree” when ever any keyword-based control information is specifteat. example, a

keyword input might simply look like:

endfree

or like:

iorder 2 isandb 1 endtim 5.0 nrben 7
tssfac 0.5
endfree

This later input would set the integration order to 2, turn on the sand database flag, set the termi-
nation time to 5.0, indicate that 7 rigid bodies have extra nodes, and reset the time step scale factor
to 0.5. The keyword input provides a convenient way to define control information and utilize new
features without excessive editing.

The keyword for any control option defined on cards 2 to 10 is the variable name. It is generally
shown in italics near or at the end of the line. These control card keywords contain only one
parameter, and it is the value of the particular variable.
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Keywords may also be used to define auxiliary files that contain bulky sections of input. Currently,
nodal data, element definitions, initial velocities, material definitions, sliding interface definitions,
and extra keyword inputs may be defined in separate “auxiliary” files. Data should be defined in
the auxiliary file exactly as if it were to be included in the main input file. With the exception of the
keyword input, the corresponding definitions should be entirely included in the auxiliary file and
completely absent from the main input file. While neither the main or auxiliary files should include
blank lines, comment lines may be included as desired.

When an auxiliary keyword file is used, the keyword section of the main input deck need only
define the auxiliary file name and be terminated witretidfree keyword; however, additional
keyword definitions are permitted. The auxiliary keyword file must be terminated witmiltieee
command. Commands after thedfree keyword in the auxiliary keyword file will not be read
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Keyword/Parameters Quantity

General Control and Option Features

drstep ndrstp Maximum time steps allowed in dynamic relaxation phase. Execution
ends or switches to transient phase after this step limit is reached
regardless of convergence. (default=9999999)

drtime drtime Maximum time allowed in dynamic relaxation phase. Execution ends or
switches to transient phase after this time limit is reached regardless of
convergence. (default=9.9e+20)

endfree End keyword input

irestt irestt User’s option for start time designation (default=0)

EQ.O: Simulation start time is set to 0. This is used for most cases.

EQ.1: Simulation start time is set to the time recorded in the stress/
deformation initialization file. The initialization file must be
assigned byn=sifin the execution line. This is used for a contin-
uation run from a previous analysis.

EQ.2: Same as 1, but also read the initial time step from the stress/
deformation initialization file. This is usually necessary when
continue an earlier DYNA3D analysis.

pressure_displayl Activate the external pressure display for segments listed in the Pressure
Loads section (section 4.23 on page 339). DYNA3D groups all segments
under pressure loads into an additional shell material. While postprocessing
with GRIZ, choosing any stress quantity for the last material number will
display the pressure loads at a given time.

normck normck Check for consistent slide surface normals (default=1)
EQ.O: Slide surface normals are not checked.
EQ.1: Consistency check is performed and warning is printed if
inconsistent normals are detected
EQ.2: Consistency check is performed and program terminates if
inconsistent normals are detected

smp_dynamicsmp_dynamic
Assign number of SMP processors used statically or dynamically
(default=0) (Active for SMP versions on SMP platforms only.)
EQ.O: Static - always ushreadsnumber of processors during run
EQ.1: Dynamic - usthreadsor less number of processor during run
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to instantaneously maximize use of system resources.
(Provides better scheduling on busy machines, but uses more
wall time since, potentially, fewer processors may be used.)

threadsthreads Number of shared-memory processors to use (default= system limit)
(Active for SMP versions on SMP platforms only.)

nzip nzip Number of zipper elements (default=0)
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Keyword/Parameters Quantity

Time-Step Size Element Deletion

ptsming ptsming Default time-step size factor for element deletion (default=0.0)
EQ.O: Option inactive
GT.0: Elements with non-zegismirs will be deleted when
their time-step size becomes less thtamintimes the
initial global time-step size.

tsming tsming Default time-step size for element deletion (default=0.0)
EQ.O: Option inactive
GT.0: Elements with non-zetemirs will be deleted when
their time-step size becomes less ttamin

HSP and Auxiliary Output Control

rigid_wall irigid Print all rigid-wall normal forces teORCESile. Print interval
controlled byPRTC .
EQ.O: No forces print to file (default).
EQ.1: Forces printed to file.

verbose_hsp Generate verbose input and initialization data in hspd8agp )

DYNA3D-PENCRV3D Link Control and Option

pencfilefile_name Designatdile_nameas the PENCRV3D input file in a DYNA3D-
PENCRV3D analysis. This keyword input is limited to selected users.

pennosenode_num Designatenode_numnas the nose of the projectile in a DYNA3D-
PENCRV3D analysis. This keyword input is limited to selected users.

pentail node_num Designatenode_numnas the centroid of the projectile tail in a DYNA3D-
PENCRV3D analysis. This keyword input is limited to selected users.
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Keyword/Parameters Quantity

Auxiliary Input Files

Auxiliary input file names are limited to a maximum of 80 characters.

beamfilefile_name Name of the file that contains beam element definitions
brickfile file_name Name of the file that contains hex element definitions

infree file_name Name of the file that contains auxiliary keyword definitions. The
auxiliary file must be terminated with tkadfree keyword.

loadcurvefile file_name
Name of the file that contains the load curve definitions

matfile fle_name  Name of the file that contains material definitions

nikefile file_name Name of the stress/deformation file to be created at the end of either a
regular or restart analysis. This file can then be used as a initialization file
for another NIKE3D or DYNAS3D run. Note thatna=file_nameoption on
the execution command for a subsequent job should be used to read this file.

nodefilefle_name Name of the file that contains nodal definitions

pressurefilefile_name
Name of the file that contains pressure definitions

shellfilefle_name Name of the file that contains shell element definitions

slidefilefile_name Name of the file that contains the sliding interface definitions

tshellfile file_name Name of the file that contains thick shell element definitions

velofilefile_name  Name of the file that contains the initial nodal velocity definitions
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Problem Definition Notes

(card):(field)
1:2

Comments

Although many new features have been added, the input format has
remained unchanged in the DYNA3D manuals of 1988, 1989, 1991, and
1993.

When specifying the LARGE format option, “large” must be input in lower
case.

Materials are defined as described in section 4.4 on page 92.

Nodal coordinates and attributes are defined as described in section 4.7 on
page 306.

Solid (brick) element connectivities and attributes are defined as described
in section 4.8 on page 308.

Beam and truss element connectivities and attributes are defined as
described in section 4.9 on page 310.

Shell element connectivities and attributes are defined as described in
section 4.10 on page 313.

Thick shell element connectivities and attributes are defined as described in
section 4.11 on page 315.

Interface save segments are defined as described in section 4.12 on page
317.

Time interval between writes of the interface segment save file.

If nonzero, this option allows the specification of a minimum time step size
for thin shell elements using material types 3, 19, or 24. When a shell
element controls the time step, element material properties will be modified
such that the time step does not fall below this factor times the initial time
step size.

Node time history blocks are defined as described in section 4.16 on page
325.

Element time history blocks are defined as described in section 4.17 on page
326.

Sense switch “sw2.” data summarizing current problem time, time step,
energies, and momenta are written to the hsp file at this interval. This is
often useful for monitoring the status of a run in batch mode.
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Problem Definition Notes (continued)

(card):(field) Comments

3:7 If set, this flag writes the total reaction forces at all degrees-of-freedom with
prescribed velocities into the filEORRCht the state plot interval. Note that
reactions at nodes with nodal boundary conditions (specified on the node
cards) arenotincluded.

3:8 If set, this flag writes the internal force in each discrete (lumped parameter)
element into the filEORDIS at the state plot interval.

3:9 This flag controls: 1) what happens when “failure” is detected in a material
for which SAND contact is supported, or 2) when an automatic contact
debug run is made.

SAND - If this flag is input as “1” and then the element is deleted from the
calculation and marked as deleted in the plot database once failure has
occurred regardless of whether or not the element is actually in a SAND
volume. If this flag is input as “0” then the element remains in the calcu-
lation and is marked active in the plot database, and the subsequent post-
failure mechanical behavior is as described for that particular material.

AUTOMATIC CONTACT - If this flag is input as “2” and an automatic
contact slidesurface is defined, then an automatic contact debug run is
executed. The run terminates automatically after two steps and a state plot
database is written after each step. The first state in the plot database
contains only elements that are involved “in contact” during initialization.

An elementis included in the plot database if and only if one of its facets is

a master segment for which contact is detected during initialization. The
second state in the plot database contains all the elements and nodes defined
in the problem.

4:2 Sliding boundary planes are used to constrain a node to move on an
arbitrarily oriented line or plane. These are defined as described in section
4.14 on page 321.

4:3 Symmetry planes with failure are used to constrain a node to move on a
plane until a critical tensile stress is reached, after which the constraint is
released. This feature is frequently used to model oblique penetration.
Symmetry planes with failure are defined as described in section 4.15 on
page 322.

4:4 Density vs. depth curves are used to permit initialization of a hydrostatic
stress state due to overburden and gravity. These curves are defined as
described in section 4.18 on page 328.
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Problem Definition Notes (continued)

(card):(field) Comments

4:5 This option is used to define a pressure time history using the Brode function
definition. Define the Brode parameters as described in section 4.19 on page
330, and the surfaces to receive the pressure loading as described in section
4.23 on page 339.

4:6 Two distinct materials which each use the rigid material model may not
share nodes in common. These two materials may be merged into one rigid
body using the rigid body merge feature described in section 4.31 on page
384.

4:7 Defines the format in which nodal coordinates are read from the input file.
Use of the E20.0 format is recommended when high precision is required in
the geometry definition.4 : 8To obtain cross section forces for structural
elements, define as described in section 4.20 on page 331.

4:10 When a nonzero rigid body material number is specified, the time, followed
by the rigid body center-of-mass translational and rotational displacements
or accelerations are written to the file nam&/S.LNK” in the current
directory.

4:11 A Kkinetic interface coupling between DYNA3D and the crash victim
simulation codes MADYMO or ATB may be defined. Rigid representations
of the CVS ellipsoids should be defined in the DYNA3D model as described
in section 4.46 on page 413.

5:1 Define load curves as described in section 4.21 on page 334.

5:2 Define concentrated nodal loads and follower forces as described in section
4.22 on page 337.

5:3 Define pressure loads on element faces as described in section 4.23 on page
339.

5:4 Define prescribed velocity (or acceleration) boundary conditions as
described in section 4.24 on page 341.

5:5 Rigid walls are used to define unilateral contact, such as the impact of a
body into a large, rigid object. Define rigid walls as described in section 4.25
on page 344.

5:6 Nodal constraints are used to constrain two or more nodes to move together

(i.e., share a common degree of freedom). Define nodal constraint sets as
described in section 4.26 on page 348.
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Problem Definition Notes (continued)

(card):(field) Comments

5:7 Specify nonzero initial velocities as described in section 4.27 on page 350.

5:8 Sliding interfaces allow general contact between bodies or parts of bodies.
Define sliding interfaces as described in section 4.28 on page 351.

5:9-11 Prescribed base acceleration may be used to apply load to an entire
structure. Define the three translational acceleration components as
described in section 4.35 on page 390. Base acceleration may alternatively
be applied to only a subset of the model, as described in section 4.46 on page
413.

5:12-14 Prescribed angular velocities about any axis through the origin may be used
to apply loads to an entire structure. Define the three angular velocity
components as described in section 4.36 on page 391. Prescribed angular
velocity may alternatively be specified for only a subset of the model, as
described in section 4.46 on page 413.

5:15 Momentum may be deposited directly into solid elements. Define
momentum deposition as described in section 4.37 on page 393.

5:16 Detonation points may be specified for the “programmed HE burn” options
described in section 2.16 on page 33. Specify detonation points as discussed
in section 4.38 on page 394.

6:1 Termination time is the simulation time at which the run is to terminate.

6:2 The time history database allows plotting information to be stored
frequently for a selected group of nodes and elements, thus allowing
resolution of high frequency response components. Alternatively, nodes and
elements selected for the time history database may be printed into the hsp
file by specifyingf=hsp on the DYNA3D execution line, as described in
section 3.2 on page 51. Nodes and elements are selected for inclusion in the
time history database as described in section 4.16 on page 325.

6:3 The state plot database contains data for all nodes and elements of a model.
The interface force plot database is optional (specified as described in
section 3.6 on page 59), and contains interface forces, pressures and shear
tractions for all sliding interfaces of a model. The time interval between
writes can be constant for the entire analysis by usihg C> 0 or variable
by usingPLTC<O0 . In the latter case, the absolute valuelotf C is the
load curve number that defines the time interval between writes as a function
of analysis time.
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Problem Definition Notes (continued)

(card):(field) Comments

6:4 Restart files are written consecutively and are not overwritten, thus allowing
restart from any point in an analysis at which a restart file was written. The
use of restart is described in section 3.4 on page 56.

6:5 Running restart files are continuously overwritten to conserve disk space
and allow frequent updates. The use of running restart is described in section
3.4 on page 56.

6:7 This factor is used in computing penalty stiffnesses for sliding interface
calculations, and is global. Local penalty scale factors may be specified on
the sliding interface control card described in section 4.28 on page 351. In
general, increasing this factor decreases interpenetration, but may adversely
affect stability if the time step scale factor is not also reduced. NIKE3D uses
a softer default penalty factor than DYNA3D, so in order to achieve force
equilibrium when slidesurfaces are involved in a model in which initial
stresses are computed in NIKE3D, the penalty scale factor should be set to
0.046, which is about a factor of two softer than the DYNA3D default of
0.10.

6:8 Temperatures must be defined if temperature-dependent material properties
are used. Several options are available for specifying temperatures for
DYNAS3D. Care should be taken in the definition of the reference, or stress-
free temperature.

6:9 This flag allows the global default values of the hourglass viscosity and
shock viscosities to be reset. These values may also be altered for a specific
material in the Material Cards, as described in section 4.4 on page 92.

6:10 This factor is multiplied by the maximum stable time step to determine the
time step size actually used by DYNAS3D. This is useful for the (rare) situa-
tions in which the time step size is chosen based on other than stability
considerations.

7:1 Rigid body joints allow the connection of multiple rigid bodies with
specified degrees-of-freedom remaining free at the connection. Define rigid
body joints as described in section 4.34 on page 388.

7:2 Extra nodes can be defined and placed anywhere on a rigid body. This is
often useful for defining rigid body joints. Define extra nodes for rigid
bodies as described in section 4.32 on page 385.
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Problem Definition Notes (continued)

(card):(field) Comments

7:3 One technique for transitioning between shell elements and solid elements
in a mesh is the shell-solid interface. This is an experimental capability
which enforces appropriate constraints on solid element nodes to provide
moment resistance at the interface with a 4-node shell element. Define shell-
solid interfaces as described in section 4.39 on page 395.

7:4 Tie-breaking shell slidelines allow shell edges to separate once a critical
effective plastic strain is exceeded. Define tie-breaking shell slidelines as
described in section 4.29 on page 380. Note that tie-breaking shell slidelines
may not Ccross.

7:5 Tied node sets allow arbitrary failure and separation of nodes for 4-node
shell elements once a critical plastic strain is exceeded. Tied node sets are
similar to tie-breaking shell slidelines except that they are defined purely on
a nodal level, and there is no restriction on the topology. Define tied node
sets with failure as described in section 4.30 on page 382.

7:6 If desired, define a load curve giving the maximum time step size as a
function of time. DYNA3D will use the smaller of this value or the inter-
nally computed time step size. This feature is useful when the time step size
must be limited to provide adequate time resolution of an externally applied
load.

7:7 Set this flag to 1 if discrete springs, dampers, and masses are specified as
described in section 4.40 on page 397.

7:8 This option allows rigid body inertial properties to be specified directly
rather than calculated from the given geometry and mass density. Define
rigid body inertial properties as described in section 4.41 on page 405.

7:9 The through-thickness location of shell result quantities in TAURUS is
selected using theHELL INNER , SHELL MIDDLE , andSHELL
OUTER commands.

7:10 The Hughes-Liu shell element formulation uses normal vectors defined at
each node. Several algorithms are provided for the definition and evolution
of these nodal normal vectors. The “unique nodal fibers” algorithm (nodal
normal update option -2) is most nearly the procedure described in the
original papers, but is somewhat more expensive than the default option.
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Problem Definition Notes (continued)

(card):(field) Comments

7:11 Generalized Rayleigh damping may be used to introduce global dissipation
into a model. The mass proportional damping coefficient is global, but may
be changed with time. The stiffness proportional coefficients may be defined
on a material basis. All damping computations use only the elastic part of
the material constitutive response. Generalized Rayleigh damping is
described in section 4.46 on page 413 and section 4.47 on page 414.

7:12 This option sets the default shell element formulation to be used for 4-node
shell elements. The shell element formulation may also be specified by
material on the material control card as described in section 4.4 on page 92.

7:13 Nonreflecting boundaries prevent artificial stress wave reflections arising
from a finite model of an infinite domain. Define nonreflecting boundary
segments as described in section 4.42 on page 407.

8:1,2 Nodal single point constraints are used to specify a nodal boundary
condition in a local coordinate system. Define nodal single point constraints
and single point constraint local coordinate systems as described in section
4.13 on page 319.

8:3 This options terminates DYNA3D when a minimum time step size is
reached, and prevents the code from consuming large amounts of computer
time if the time step falls to a very small value.

8:45 In addition to predefined Gauss and Lobotto integration rules, arbitrary
integration rules may be specified for integration over the cross section in
the Hughes-Liu beam element. These are mainly useful in describing
complex cross section shapes. Define user-specified beam integration rules
as described in section 4.5 on page 303.

8:6,7 In addition to predefined Gauss and Lobotto integration rules, arbitrary
integration rules may be specified for integration through the thickness of
shell elements. These are mainly useful for describing laminated composite
shells where material properties (such as fiber orientation) vary by lamina.
Define user-specified shell integration rules as described in section 4.6 on
page 304.

8:8 Dynamic relaxation may be used for the static solution of some problems.
This feature is activated by the flag on the load curve definition card as
described in section 4.21 on page 334. This an experimental capability and
caution should be exercised in its use.

8:10 The dynamic relaxation factor is the factor by which velocities are reduced
at each time step in a dynamic relaxation static analysis.
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Problem Definition Notes (continued)

(card):(field)
8:12

Comments

This option permits alternative algorithms to be used for approximating the
maximum stable time step for shell elements.

Several algorithms are available for performing the plane stress constitutive
integration for elastoplastic shell analysis. These options only apply to the
elastoplastic shell material models.

This option is useful for determining which elements in a model control the
time step and thus the cost of the solution.

One-dimensional slidelines allow beam elements to slide along a predefined
row of nodes. Define one-dimensional slidelines as described in section 4.45
on page 410.

This flag controls the output of successive unconverged states into the
dynamic relaxation plot file during a dynamic relaxation solution. The name
of this binary plot file may be chosen by the user, as described in section 3.2
on page 51.

Generalized Rayleigh damping may be used to introduce global dissipation
into a model. The mass proportional damping coefficient is global, but may
be changed with time. The stiffness proportional coefficients may be defined
on a material basis. All damping computations use only the elastic part of
the material constitutive response. Generalized Rayleigh damping is
described in section 4.46 on page 413 and section 4.47 on page 414.

Materials are initialized for rotational motion by computing initial velocities
from v = wxr for all nodes of all elements using the listed materials. If
static initialization is used (via either input from NIKE3D or dynamic relax-
ation in DYNA3D),r is evaluated using the post-initialization geometry.
Define materials to be initialized for rotational motion as described in
section 4.46 on page 413.

Body forces arising from base acceleration (gravity) or from rotational
motion may be specified for a selected set of materials using this option.
This capability is especially useful for static initialization of stresses in
rotating bodies prior to a transient analysis. Define materials to receive body
force loads as described in section 4.46 on page 413.
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Problem Definition Notes (continued)
(card):(field) Comments

9:9 For computational efficiency, all DYNA3D hex and shell elements are based
upon strain rates that are calculated from the geometry at the end of the time
step. Additionally, hypo-elastic constitutive variables for hex elements are
integrated between configurations using a first order approximation. For
rotational motions involving many revolutions, these default approxima-
tions can resultin large errors even if the amount of rotation during one time
step is small, e.g. less than one hundredth of a degree. Although more
computationally expensive, second order accurate or exponential map
(exact) integration, along with mid-step geometry, should be used for all
rotational motion problems that involve one or more revolutid@RDER
is not supported for beam, thick shells, and Hugh-Liu shell elements.

9:10 Energy abort terminates the analysis when the ratio of current energy to
initial energy exceeds the inputted value. This feature is activated by speci-
fying a non-zero value and is useful in terminating analyses that are no
longer physical.

9:11,12 Mass augmentation is used to maintain a user prescribed minimum time step
size and is activated by specifying non-zero values. It increases the density
of individual elements to achieve the desired time step, and,dllds,mass
to the problem The initial minimum time step size is used only during the
first cycle, and is a convenient why to normalize a mesh'’s time step size.
During the analysis, element time step sizes are check every ten cycles and
mass augmentation is preformed as needed to keep the time step size at (or
above) the sustained minimum time step size. A summary of the total mass
added to each material is printeddiBhsp at each status report and at the
end of the analysis.

10:1,2 Several algorithms are available for the stabilization of hourglass modes in
the solid and shell elements. The standard DYNA3D mode is not longer the
default hourglass control. Although cheaper, the standard DYNA3D mode
damps out rigid body rotations and should be used with caution. These
algorithms do not apply for the YASE shell element formulation.

10:3-5 Bulk viscosity methods are used for added stability and resolution when
shock waves are present.
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4.3 KEYWORD-BASED OPTIONS

Following is the input description for the keyword based OPTIONS section. This new section
immediately follows the control card input (either control card 9, card 10, or keyword input) and
proceeds the material definitions. The keyword and associated parameters are prescribed follow the
same free-formatted convention used to define the analysis control cards (see section 4.2 on page
73). This section must be initiated with tbptions keyword and terminated with tle@dfree

keyword.
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Keyword/Parameters Quantity

Option Keywords

options Start options input. This keyword is required at the beginning of this
section.
endfree End keyword input. This keyword is required at the end of this section.

Time-Step Size and Inverted Element Deletion

Elements can be optionally deleted from the calculation based upon their time-step size or if they
invert. This option can be specified for all brick, beam, shell, or thick shell materials by specifying
the control card keywordsming or ptsming, or can be selectively applied to individual material
numbers or groups of material numbers usingotemin_ex ptsmin_in, tsmin_ex, or tsmin_in

option keywords. These commands can be used individually or can be combined. (Note, values
entered with th@tsmin_exor ptsmin_in andtsmin_exor tsmin_in option keywords override

values entered with the global keywomsming andtsming, respectively. Furthermore, material
model inputted values override global or option based tsmin values isifitiroptions permit the

user to specify an absolute time-step size for element deletioptdheoptions determine the
deletion time-step size by multiplying the initial time-step size by a user specified fautkmin

If both atsminandptsminare specified, element deletion is based upon the smaller criteria.

For material with a prescribed deletion value, the associated elements will be deleted from the
calculation if and when they invert. This feature is extremely useful when modeling material that
is prone to entanglement, but whose removal has little consequence on the remaining calculation,
e.g., a foam mitigation part.

SAND slide surfaces should always be used when ever a material associated with the slide surface
has a non-zero time-step deletion value.

Caution should be used when employing this feature since element removal can have a large
impact on the solution.

ptsmin_exptsmin mat#1l mat#2 mat#3 ... mat#n
Setptsminfor all other material numbers except theseaterial
numbers. Elements with non-zestsmirs will be deleted when
their time-step size becomes less thtamintimes the initial global
time-step size.
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ptsmin_in ptsmin mat#1 mat#2 mat#3 ... mat#n
Setptsminfor only thesen material numbers. Elements with non-zero
ptsmirs will be deleted when their time-step size becomes less than
ptsmintimes the initial global time-step size.

tsmin_extsmin mat#1 mat#2 mat#3 ... mat#n
Settsminfor all other material numbers except theseaterial
numbers. Elements with non-zdsmirs will be deleted when
their time-step size becomes less ttamin

tsmin_in tsmin mat#1 mat#2 mat#3 ... mat#n
Settsminfor only thesen material numbers. Elements with non-zero
tsmirs will be deleted when their time-step size becomes less than
tsmin

Plotfile Control Features (Milli Not Yet)
rigid_wall irigid Print all rigid-wall normal forces tORCESile. Print interval
controlled byPRTC .
EQ.O: No forces print to file (default).
EQ.1: Forces printed to file.

verbose_hsp Generate verbose input and initialization data in hspdagp )

Maximum Material Pressure History Output

maxpfile file_name mat#1 mat#2 mat#3 ... mat#n

Write the maximum pressure for the materials in the list at the time history

output frequency to a text file. The text file will be nametilasname

Only materials associated with hexahedral continuum elements can be
included in the list. If no material list is provided, maximum pressure for
all materials, shell and beam materials included, will be written to the file.
However the maximum pressures associated with shell or beam materials

are not accurate and should be ignored.

DYNA3D-PENCRV3D Link

pencvmatist mat#1l mat#2 mat#3 ... mat#n

Provide a list of materials that are included in the projectile in a DYNA3D-

PENCRV3D analysis. Listed materials must only be associated with

elements that are part of the projectile. The material list is controlled by

the character variablst
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EQ.list:List of materials must be provided.
EQ.all: No list of materials is needed. All materials are considered as
part of the projectile.
This keyword input is limited to selected users.
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4.4 MATERIALS

Repeat the following set of cards for each material definition WHIMMAT materials have been
defined. Materials may be input in any convenient order, but all materials must be defined.
Materials are referenced by their material number, which is used for identification only. Material
type refers to the material model number, such as Material Type 1 for elastic behavior. Note that a
material number can only apply to one type of element (beam, shell, thick shell, or solid).

A material model typically requires 8 cards for input, and exceptions are noted as appropriate. Not
all material models are available for all element types. Valid element types are shown for each
material model on the Material Control Card (Material Card 1) description. A brief list of notes
follows the description of the Material Control Card.

Some material models, called “hydrodynamic” models, define only the deviatoric behavior of the
material. An equation of state must be defined in conjunction with these hydrodynamic models to
specify the volumetric behavior of the material. Following the material cards of a hydrodynamic
material, the equation of state is defined. Note that different equations of state may require a
different number of input cards. Also note that an equation of state is required by some material
models and is not permitted by others. Equations of state are applicable to solid elentgisd

are not used with beam or shell elements.

For structural elements, the cross sectional properties are defined following the material definition
using the last 3 cards in this section. Cross sectional properties are defined differently depending
on the element type (truss, beam, or shell) and element formulation (Hughes-Liu, Belytschko-Tsay,
etc.). Many structural element formulations also permit cross sectional properties to be defined
uniquely for each element on the element card. In this case, the cross sectional properties specified
in the material cards define default cross section properties for that material, and are overridden by
cross sectional property values specified on the element cards.
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Card 1
Columns Quantity Format
1-5 Material identification number 15
6-10 Material type. The numbers in brackets indicate the element 15

types for which the material is available: 0-solid, 1-beam, 2-shell,
and 3-thick shell. An asterisk * indicates that an equation of state
is requiredvhen that model is used with solid elements

EQ. 1:
EQ. 2:
EQ. 3:
EQ. 4:
EQ. 5:
EQ. 6:
EQ. 7:
EQ. 8:
EQ. 9:

EQ.10:
EQ.11:
EQ.12:
EQ.13:
EQ.14:
EQ.15:
EQ.16:
EQ.17:
EQ.18:
EQ.19:
EQ.20:
EQ.21:
EQ.22:
EQ.23:
EQ.24:
EQ.25:
EQ.26:
EQ.27:
EQ.28:
EQ.29:
EQ.30:
EQ.31:
EQ.32:
EQ.33:
EQ.34:
EQ.35:

elastic [0,1,2,3]

orthotropic elastic [0,2,3]

kinematic/isotropic elastic-plastic [0,1,2,3]
thermo-elastic-plastic [0,2]

soil and crushable foam [0]

viscoelastic [0]

Blatz-Ko hyperelastic rubber [0]

high explosive burn* [0]

fluid* [O]

isotropic elastic-plastic hydrodynamic* [0]
Steinberg-Guinan high rate elastic-plastic* [0]
isotropic elastic-plastic [0,2]

isotropic elastic-plastic with failure [0]

soil and crushable foam with failure [0]
Johnson/Cook elastic-plastic* [0,2]
concrete/geologic material* [0]

isotropic elastic-plastic with oriented cracks* [0]
power law isotropic elastic-plastic [0,2]

strain rate dependent elastic-plastic [0,2]

rigid [0,1,2,3]

thermal orthotropic elastic [0,2]

fiber composite with damage [0,2]

thermal orthotropic elastic with variable properties [0,2]
rate dependent tabular isotropic elastic-plastic [0,2]
extended two invariant geologic cap [0]

metallic honeycomb [0]

compressible Mooney-Rivlin hyperelastic rubber [0]
resultant plasticity [1,2]

mechanical threshold model [0]

closed form update elastic-plastic for shells [2]
Frazer-Nash hyperelastic rubber [0]
Ramberg-Osgood elastic-plastic [0]

general orthotropic elastic-plastic [0,2]

normal anisotropic elastic-plastic for shells [2]
elastic-plastic with forming limit diagram [0,2]

(list of material models continued on next page
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Columns

11-20
21-25

Quantity Format

Material type. The numbers in brackets indicate the element
types for which the material is available: 0-solid, 1-beam, 2-shell,
and 3-thick shell. An asterisk * indicates that an equation of state
is requiredvhen that model is used with solid elements
(list of material models continued from previous page)

EQ.36: brittle damage [0]

EQ.37: 3-invariant viscoplastic cap [0]

EQ.38: Bammann plasticity [0,2]

EQ.39: Bammann plasticity with damage [0,2]

EQ.40: Fahrenthold brittle damage [0]

EQ.41: Fabric [2]

EQ.42: multi-material laminate [2]

EQ.43: transversely isotropic visco-hyperelasticity[2]

EQ.44: low density rigid foam [0]

EQ.45: DTRA concrete/geologic material* [0]

EQ.46: anisotropic elastic [0,2]

EQ.47: material interface guide (MIG) [0]

EQ.48: visco statistical crack mechanics model (Visco-SCRAM) [0]

EQ.49: LANL hyperfoam material [O]

EQ.50: braided composite model [2]

EQ.56: uni-directional composite [0]

EQ.57: reserved for an uncoming LANL material model

Mass densityp

Equation of state type. Define only for material types 8, 9, 10, 11, 15,
16, and 1ivhen these materials are used with solid elements

EQ. 1: linear polynomial

EQ. 2: JWL high explosive

EQ. 3: Sack high explosive

EQ. 4: Gruneisen

EQ. 5: ratio of polynomials

EQ. 6: linear polynomial with energy deposition

EQ. 7: ignition and growth of reaction in HE (2-term)

EQ. 8: tabulated compaction

EQ. 9: tabulated

EQ.10: not currently used

EQ.11: pore collapse

EQ.13: ignition and growth of reaction in HE (3-term)

E10.0
15
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Columns

26-30

31-40

41-45

46-55
56-65
66-70

Quantity Format

Hourglass stabilization method (IHQ)I5
For hexahedral elements
EQ.O: default=2
EQ.1: standard DYNA3D (viscous form)
EQ.2: Flanagan-Belytschko (viscous form)
EQ.3: Flanagan-Belytschko with exact volume integration (viscous form)
EQ.4: stiffness form of type 2 (Flanagan-Belytschko)
EQ.5: stiffness form of type 3 (Flanagan-Belytschko exact volume)
EQ.6: selective-reduced 8-point hexahedral element (B-bar)
EQ.7: physical stabilization (models 1, 2, 3, 18, & 56 only)
EQ.8: total displacement physical stabilization (models 2 & 46 only)
EQ.9: physical stabilization - exact volume (models 1, 2, 3, 18, & 56 only)
EQ.10: total displacement physical stabilization - exact volume
(models 2 & 46 only)
EQ.12:fully integrated, 8-pt. hexahedral element

For shell, thick shell and beams
EQ.O: default=2
EQ.1: standard DYNA3D (viscous form)
EQ.2: Flanagan-Belytschko (viscous form)
EQ.3: Flanagan-Belytschko with exact volume integration (viscous form)
EQ.4: stiffness form of type 2 (Flanagan-Belytschko)
EQ.5: stiffness form of type 3 (Flanagan-Belytschko exact volume)
EQ.6: viscous form type 2 and stiffness form type 3 (shells only)

Hourglass stabilization coefficient (QH, default = 0.10). E10.0
Values of QH above 0.15 may cause instabilities if the time step is not
decreased. The default value applies to all options and element types.

The stiffness forms can stiffen the response, especially if

deformations are large, and therefore should be used with care.

Bulk viscosity type for shock capture (IBQ) 15
EQ. 0: default=1
EQ. 1: standard DYNA3D

Quadratic bulk viscosity coefficient, Q1 (default = 1.5) E10.0
Linear bulk viscosity coefficient, Q2, (default = 0.06) E10.0
Element type for which this material model is valid 15

EQ. 0: solid (brick)
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EQ. 1: beam
EQ. 2: shell
EQ. 3: thick shell
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Columns Quantity Format
71-75 Material initialization for gravity loadingl5

EQ. 0: all materials are initialized
EQ. 1: only current material is initialized

76-80 Element formulation if other than default 15
For beam elements:
EQ. 0: default=1
EQ. 1: Hughes-Liu
EQ. 2: Belytschko-Schwer
EQ. 3: Truss
For shell elements:
EQ. 0: default=2
EQ. 1: Hughes-Liu
EQ. 2: Belytschko-Tsay
EQ. 3: BCIZ (triangle)
EQ. 4: @ (triangle)
EQ. 5: membrane
EQ. 6: YASE
EQ. 7: YASE (fully-integrated inplane)
EQ. 8: Bathe-Dvorkin (fully-integrated inplane)
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Material Control Card Notes

field Comments

1 The material identification number should be between INAWMMAT :
the number of materials in the problem. Materials may be input in any order,
but all materials must be defined. It is permissible to have unused materials
defined in the input.

2 The material type defines the mathematical model used to evaluate the
material stress-strain behavior. Note that not all material types are available
for all element types.

3 Define the mass density for the material in consistent units. No unit conver-
sions are done internally in DYNA3D (see discussion in section 2.2 on page
10).

4 If a hydrodynamic material model is selected, then an equation-of-state

must be selected to define the material pressure-volume behavior.

5,6 The default hourglass stabilization algorithm and parameters may be
modified for this material, if desired. The standard DYNA3D mode is no
longer the default hourglass control. Although cheaper, the standard
DYNA3D mode damps out rigid body rotations and should be used with
caution. These options do not apply to truss or beam elements, the YASE
shell element, or the 8-point hexahedral elements.

7-9 Bulk viscosity methods are used for added stability and resolution in solid
elements when shock waves are present.

10 A material definition may only be used for one element type.

11 If density vs. depth curves are used to initialize materials with hydrostatic

stresses due to overburden, all materials or selected materials may be chosen
for initialization. If only selected materials are to be initialized, this flag
indicates whether the current material is to be initialized.

12 Element formulations for an element type may be arbitrarily mixed in an
analysis. The default shell element formulation is Belytschko-Tsay, and the
default beam element formulation is Hughes-Liu. A non-default element
formulation applies only to elements using the current material.
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Card 2

Columns Quantity Format

1-72 Material identification A72

This material title will appear in the printed output. It is often helpful to use this heading to identify
the physical material for which the DYNA3D material model was constructed.
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Cards3,...,8

Define material cards 3, . . ., 8 as described below for the desired material type.

MATERIAL DEFINITION

Material Type 1 (Elastic)

Columns Quantity Format
1-10 Card 3 Young’s modulug, E10.0
1-10 Card 4 Poisson’s ratio, E10.0

Card 5 Blank E10.0
Card 6 Blank E10.0
Card 7 Blank E10.0
Card 8 Blank E10.0

This model produces linear elastic material behavior.
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Material Type 2 (Orthotropic Elastic)
Columns Quantity Format
1-10 Card 3 Elastic modulugk, (see Figure 1 and Figure 2) E10.0
11-20 Elastic modulusg, E10.0
21-30 Elastic modulug, E10.0
1-10 Card 4 Poisson’s ratio,, E10.0
11-20 Poisson’s ratioy., E10.0
21-30 Poisson’s ratio), E10.0
1-10 Card 5 Shear moduluG,,, E10.0
11-20 Shear modulu&,,. E10.0
21-30 Shear modulu&.,, E10.0
1-10 Card 6 Material axes definition option, AOPT E10.0
EQ.0.0: locally orthotropic with material axes determined by
element nodes; n, ,and as shown in Figure 1.
Cards 7 and 8 must be blank with this option.
EQ.1.0: locally orthotropic with material axes determined by a
point in spacé® and the global location of the element center,
as shown in Figure 1. Note thdit is parallel to the glabal -axis.
Card 8 below is blank.
EQ.2.0: globally orthotropic with material axes determined by
vectors defined on Cards 7 and 8. (See Figure 2).
EQ.3.0: applicable to shell elements only. This option determines
locally orthotropic material axes by offsetting the material
axisa by an angl@ from a line in the plane of the
shell determined by taking the cross product of the vector
defined on Card 7 with the shell normal vector (See
Figure 2). The angl@ is defined on Card 8, and may be
overridden by specifying a value on the element card.
EQ.4.0: locally orthotropic with cylindrical material axes determined

by a pointP , located on the axis of revolution, and the vector
d, which parallels axis of revolution. (See Figure 2.)
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Columns

1-10
11-20
21-30

1-10
11-20
21-30

1-10
11-20
21-30

1-10
11-20
21-30

1-10

The constitutive matrixC

Quantity

Format

Card 7

Card 7

Card 7

Card 8

Card 8

X, , define only if AOPT = 1.0 or 4.0
Y, , define only if AOPT = 1.0 or 4.0
, define only if AOPT =1.0 or 4.0
a, , define only if AOPT = 2.0
a, , define only if AOPT = 2.0
a, , define only if AOPT = 2.0
v, , define only if AOPT = 3.0
, define only if AOPT = 3.0
v, , define only if AOPT = 3.0
d, , define only if AOPT = 2.0 or 4.0
d, , define only if AOPT = 2.0 or 4.0
d, , define only if AOPT = 2.0 or 4.0

Material angl@ , define only if AOPT=3.0
(may be overridden on the element card)

global components of strain is defined as:

C=T'CT,

E10.0
E10.0
E10.0
E10.0

E10.0
E10.0
E10.0
E10.0
E10.0

E10.0
E10.0
E10.0

E10.0

that relates increments in global components of stress to increments in

(6)

whereT is the transformation matrix between the local material coordinate system and the global
is the constitutive matrix defined in terms of the material constants of

coordinate system, ar@d,

the local orthogonal material axasb , and
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Eia —"E—b: _VE 0 0 0

Vac _Vbe 1 0O 0 O
cr=| B BE (7)

O 0 O Giab 0 O

0 0 0 0 é 0

i O 0O O 0 O Gica_

Note that symmetry of the elastic compliar@g implies

Yab = Yba Yea - Vac gngVeb = Ybe (8)

Ea b ’ c Ea Ec Eb
Further, positive definiteness 6f  yields the following restrictions on the elastic constants:
1
Eb é Ec EC
Vpa<,=1 , Vea<,=— ,andv,<,=— . 9
ba T tE tE P TLED ©)

1 1
2 2

Nonphysical energy growth may appear in the solution if these restrictions on the elastic constants
are not observed.

Note that the values of Poisson’s ratio are defined as

v = ?IJ (10)

whereg; is the strain in thg" direction amd is the strain inithe  direction in a uniaxial stress

test in that" direction.

In hexahedral elements, the model is implemented with a hyperelastic formulation while in shell
and thick-shell elements, a hypoelastic formulation is used.
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AOPT =0

AOPT =1

Figure 1
Definition of orthotropic material axes for options AOPT=0 and AOPT=1. Notetkatax d

andb = cx a,wherea and are determined as depicted above.
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AOPT =2

AOPT =3

Figure 2
Definition of orthotropic material axes for options AOPT=2 and AOPT=3. Note that for

AOPT=2c = axd andb = cx a ,and for AOPT=8=n ard= cx a
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AOPT =4

Figure 3
Definition of orthotropic material axes for option AOPT=4. Note that (X.—P) xd ,

c = dxb,a= bxc,andthata andl are parallel. The axis of revolution contains @@int and
parallels vectod .
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Material Type 3 (Kinematic/lsotropic Elastic-Plastic)

Columns Quantity Format
1-10 Card 3 Young’s modulug, E10.0
1-10 Card 4 Poisson’s ratio, E10.0
1-10 Card 5 Yield stress, E10.0
1-10 Card 6 Tangent modulus; E10.0
1-10 Card 7 Hardening parametpr, E10.0

Card 8 Blank

The material behavior is elastoplastic and includes linear strain hardening. The hardening
parametef3 specifies an arbitrary combination of kinematic and isotropic hardéring@;0

yields purely kinematic hardening, whife = 1.0  gives purely isotropic hardening. Figure 4 illus-
trates the effect 8 on the uniaxial stress-strain curve. For modeling elastoplastic material
behavior with purely isotropic hardening, Material Type 12 requires less storage and is somewhat
more efficient while producing exactly the same behavior as Material Type B witii.0 . The
numerical algorithms used in this model are adapted from (Krieg and Key, 1976).

The yield condition can be written

®=0-0,8&", (11)
whereG is the effective stress aagd  is the current yield stress, which may be a function of the
effective plastic straig” if strain hardening is included. For isotropic hardening, the effective
stressG is given by

1

_ 3 2
G = 5SSy (12)
wheres; is the deviatoric stress tensor. For kinematic hardening,

1

_ 3 2

O = 5NNy (13)
where the translated stragg  is defined as

Nij = S —aj, (14)

anda; is the (deviatoric) back stress tensor.
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max

-

Figure 4
Uniaxial stress-strain curve showing elastic-plastic material behavior for kinematic hardening

(B = 0) and isotropic hardening3(= 1.0 ).

The linear isotropic hardening law has the form
0, = 0o+ BE,E", (15)
whereao, is the current yield stress, is the initial yield stressFgnd is the plastic modulus.

The effective plastic straié” is given by

t
g’ = (de°’, (16)
!
where the incremental effective plastic straa? is found from the incremental plastic strain
tensorde; as
1
2
de” =, Zdeldef, (17)

The plastic modulus is found from Young’s modulis  and the tangent moulus  using
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EEr
E-E
The plastic hardening modulls,  is the slope of the inelastic portion of the effectivestress  vs.
effective plastic straig” curve. Similarly, the tangent modliys  is the slope of the inelastic part
of a uniaxial stress vs. strain curve (or equivalently, the effective stress vs. effective strain curve).

E, = (18)

Kinematic and isotropic hardening elastoplastic models yield identical behavior under monotonic

loading. Under reversed loading from a maximum stogss , Kinematic hardening predicts
reverse yielding when the stress has unloaded by an an2aynt , and isotropic hardening predicts
that reverse yielding occurs when the stress reaebes, . Thus, under cyclic loading conditions

where many stress reversals may occur, kinematic hardening predicts a hysteretic energy dissi-
pation, while isotropic hardening predicts no energy dissipation after the first cycle. The isotropic
model is slightly faster in computation speed, however.
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Material Type 4 (Thermo-Elastic-Plastic)

Columns

1-10
11-20

71-80
1-10
11-20

71-80
1-10
11-20

71-80
1-10
11-20

71-80
1-10

Quantity Format
Card 3 First temperatur€, E10.0
Second temperaturg, E10.0
Eighth temperatur@, E10.0
Card 4 Young’s modulus at first temperatie, E10.0
Young’s modulus at second temperatkte, E10.0
Young’s modulus at eighth temperatug, E10.0
Card 5 Poisson’s ratio at first temperature, E10.0
Poisson’s ratio at second temperatuge, E10.0
Poisson’s ratio at eighth temperatwg, E10.0
Card 6 Secant coefficient of thermal expansién, E10.0
Secant coefficient of thermal expansiop, E10.0
Secant coefficient of thermal expansiog, E10.0
Card 7 Yield stress at first temperatui@ E10.0
Yield stress at second temperaturg, E10.0
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Columns Quantity Format
71-80 Yield stress at eighth temperatusg, E10.0
1-10 Card 8 Plastic modulus at first temperatétg, E10.0
11-20 Plastic modulus at second temperathgeg, E10.0
71-80 Plastic modulus at eighth temperatig, E10.0

At least two temperatures and their corresponding material properties must be defined. The
analysis will be terminated if a material temperature falls outside the range defined in the input. If
a thermo-elastic material is desired (i.e., no plasticity effects), leave Cards 7 and 8 blank.

The plastic hardening modulis,  is the slope of the effective stress vs. effective plastic strain

curve (or equivalently, the uniaxial stress vs. effective plastic strain curve). The plastic hardening

modulus may be found from the tangent modudys as
_ EE

P E-E’

where the tangent modullis:  is the slope of the post-yield portion of the uniaxial stress - strain

curve.

E

(19)

Thermal expansion due to temperature change is included when nonzero vaiues of ~ are specified.
Thesecantoefficient of thermal expansian  can also be a function of temperature, and is defined
with respect to the reference temperature at the beginning of the calculation for that material. Total
thermal strairg; is defined in terms of the secant thermal expansion coefiicient ~ as

g = 0(T—Te)d , (20)
whereT is the current temperature ang is the reference temperature. Therefore, temperature
dependent secant coefficients of thermal expansion should be defined as thethalLiEmper-

ature, not the valuatthat temperature. The secant coefficient is related to the tangent coefficient
of thermal expansioa by
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_ 1
a

= =5 [a(T)dT. (21)

ref
For temperature independent coefficients of thermal expartsion, isidentcal to , and the
classical definition of thermal expansion is valid.

Since this model is temperature dependent, the thermal effects option on Control Card 6 must be
nonzero. Care should be taken to define a reference temperature consistent with the specified secant
coefficients of thermal expansion. In general, the reference temperature is the element temperature
at the beginning of the analysis.

This model is applicable to materials exhibiting elastic or elastoplastic behavior where thermal
effects are important. Both thermal strains and temperature-dependent material properties are
included.
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Material Type 5 (Soil and Crushable Foam)

Columns

1-10
11-20
21-30
31-40
41-50
51-60

1-10

11-20
21-30
31-40

1-10
11-20
21-30
31-40

1-10
11-20
21-30
31-40

1-10
11-20
21-30
31-40

1-10
11-20
21-30
31-40

Quantity Format
Card 3 Shear modulus, E10.0
Bulk unloading moduluss,, E10.0
First yield function constardy E10.0
Second yield function constaat, E10.0
Third yield function constars, E10.0
Pressure cutoff for tensile fractupg,, E10.0
Card 4 First (most tensile) tabulated volumetric stigin, E10.0
(see Figure 5)
First tabulated pressum@, p,&0 ) E10.0
Second tabulated volumetric strap, E10.0
Second tabulated pressype, E10.0
Card 5 Third tabulated volumetric stradt, E10.0
Third tabulated pressune, E10.0
Fourth tabulated volumetric strag, E10.0
Fourth tabulated pressup, E10.0
Card 6 Fifth tabulated volumetric strag, E10.0
Fifth tabulated pressurp; E10.0
Sixth tabulated volumetric stramq E10.0
Sixth tabulated pressun, E10.0
Card 7 Seventh tabulated volumetric strajn, E10.0
Seventh tabulated pressupe, E10.0
Eighth tabulated volumetric straiy E10.0
Eighth tabulated pressum, E10.0
Card 8 Ninth tabulated volumetric stradt, E10.0
Ninth tabulated pressune, E10.0
Modified elliptical surface flaghMOD E10.0
Unloading factox  (UOPT=2 only) E10.0
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Columns Quantity Format

41-50 Initial relative volume E10.0
EQ.0.0: no initial relative volume specified (default)
GT.0.0: default initial relative volume

51-60 Unloading option, UOPT E10.0
EQ.0.0: volumetric crushing upon unloading
EQ.1.0: no volumetric crushing upon unloading
EQ.2.0: limited volumetric crushing - variable slope
EQ.3.0: limited volumetric crushing - fixed slope

61-70 Load curve number for time-dependent relative volume E10.0
EQ.0.0: no load curve included (default)
GT.0.0: load curve number describing relative volume

71-80 Hysteresis factoy, (UOPT=2,3 only) E10.0
This model is based on the formulation suggested in (Key, 1974).

Pressure is positive in compression, and volumetric strain is negative in compression. Volumetric
strain is given by the natural logarithm of the relative volufreT |n+_\70+ . The tabulated
pressure-volumetric strain data may contain up to nine pairs of points, and must be given in order
of increasingcompression. If the pressure drops below (i.e., becomes more tensile than) the cutoff
value p.. , then the pressure is reset to the cutoff value.
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Ku
_
y
X Peyt
Figure 5

Pressure vs. volumetric strain curve for soil and crushable foam model.

The deviatoric perfectly plastic yield functign is defined as

@ =Jy—[a+ap+ap], (22)
wherea, ,a, ,and, are constanfs, ispressure,Bnd isthe second invariant of the deviatoric
stress tensa  given by

1
J, = 53131- (23)

The variation ofo,;, as afunctiong@ has three conical forms which depend on the parameter
elliptic (a, <0), parabolic &, = 0 ), or hyperboliag >0 ). These three forms are shown in
Figure 6 interms o8, v$ . Figure 7 shows the corresponding forms in a more familiar
engineering form ob,, vsp . The elliptic yield function curves back towardxhe axis at higher
pressures and predicts a softening behavior which is not often observed in test data. If the modified
elliptical yield surface flagcAMOD is nonzero, then the elliptical yield surface is used up to the
point of maximumJ, . For higher pressures, the yield surface is extended as a von Mises surface.
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The resulting yield surface is depicted in Figure 6 and Figure 7. This modification yields much
improved agreement with a test data for many geologic materials such as concrete, as discussed in
(Schwer, Rosinsky, and Day, 1988).

3, A

a2>0

AMOD =1

a0 a2<0
AMOD =0
-
PP

Figure 6
Material type 5 failure surface formsda 5. space.
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Sy A hyperbolic

parabolic
a,>0 a, =0
AMOD =1
I . .
: elliptic
\
% \ <0
\
\ -
Ferit PP
Figure 7
Material type 5 failure surface forms @, 8. space.
The unmodified elliptic yield surface crosses tfye= 0 at a preggure , as shown in Figure 7

Thus, p, is the maximum pressure at which the unmodified elliptic failure surface may be used. It
is easily shown that

-~ t Jai— 4303

Po = 2a,

(24)
The modified elliptic yield surface transitions to a von Mises surface at pressures greaterthan
where

1
pcrit - 2a2- (25)

Plastic flow is nonassociativeaffi a5  are nonzero.

On the yield surface), =
pressurg is given by

%05 , Wherg, is the uniaxial yield stress. Thus, the yield stress at any

g, = [3(a+a,p+ ap?)]’ . (26)

There is no strain hardening in this model, so the yield stress is completely determined by the
pressure.
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To eliminate the pressure dependence of the yield strength, seta, = 0 aoand%crﬁ . This
approach is useful when a von Mises type elastic-plastic model is desired for use with tabulated
volumetric data.

This material model is useful as a simple representation of pressure hardening, where the deviatoric
yield strength of a material increases as the hydrostatic pressure increases. At any constant
pressure, the deviatoric behavior is elastic perfectly-plastic. This model permits a general represen-
tation of the material volumetric behavior via a tabulated pressure-volumetric strain curve. This
flexibility makes this model useful for representing materials with a stiffening pressure-volume
curve, such as porous materials like wood or foam. This model is also often used as a simplified
model for concrete or soil.

If the material is pre-stressed, an initial relative volume can be input on the 8th card. This value
may be overwritten or prescribed on an element by element basis by specifying an initial relative
volume on the element definition card (see SOLID ELEMENTS on page 308). When an initial
relative volume is present, a corresponding pressure is internally calculated from the pressure-
volumetric strain curve. The element’s effective relative volume is the sum of the deformation
induced relative volume, any prescribed initial relative volume, and an optionally included user-
imposed complementary relative volume. The user-imposed complementary relative volume is
defined as a function of time and specified with a load curve. It is useful for phasing in an initial
volumetric deformation or cushioning the instantaneous high stresses that arise from some pre-
stressing conditions.

A hysteresis effect, as shown in Figure 8, may be introduced into the volumetric response by using

UOPT=2 or 3. Here the saturation portions of the unload pressure versus volumetric strain curve is

given byyP(g,) . The slope of the transition between the loading and unloading ddrves, ,

can be set proportional to the(e,) curve as

dP(e.)
de,

Kunload: a (27)

with UOPT=2, or be fixed as
Kunload = Ku (28)
with UOPT=3.
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Figure 8
Pressure vs. volumetric strain curve for soil and crushable foam nulen=2,3
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Material Type 6 (Viscoelastic)

Columns Quantity Format
1-10 Card 3 Elastic bulk moduluk, E10.0
1-10 Card 4 Short-time shear modul G, E10.0
1-10 Card 5 Long-time shear modul@, E10.0
1-10 Card 6 Time parameter E10.0

MFLAG.EQ.0.0: decay constarf,
MFLAG.EQ.1.0: time relaxation constant,

1-10 Card 7 Model formulation flag, MFLAG E10.0
EQ.0.0: standard DYNA3D formulation
EQ.1.0: Kelvin viscoelastic formulation

Card 8 Blank

Two formulations of viscoelasticity are available. In the standard DYNA3D model (Key, 1974), the
deviatoric stresses are found from

t

s = 2[G(t-1)gdr, (29)

where the shear relaxation behavior is described by

G(t) = G, +(G,—G..)e™ (30)
andg; is the deviatoric strain rate. In the Kelvin viscoelastic formulation, the evolution of devia-
toric stress is governed by

S + %31 = (1+93)Ge&; +(1+ 6”)%&] (no sum), (31)
followed by a projection back into deviatoric stress space. The model parameters may be related to
shear stiffness and damping properties over a frequency range of interest. This model is primarily
intended as a simple viscous shear model for use in seismic studies.

The volumetric response is elastic in both formulations, so the pressure is computed from the
current volumetric strain using

p = —Kg,, (32)
whereK is the elastic bulk modulus. The viscoelastic model is useful for modeling rate-dependent
elastic materials. Itis also effectively used whenever viscous dissipation is desired with deviatoric
(shear) deformations.
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Material Type 7 (Blatz - Ko Hyperelastic Rubber)

Columns Quantity Format
1-10 Card 3 Shear modulus, E10.0
Card 4 Blank
Card 8 Blank

This model is a hyperelastic model based on the implementation in (Key, 1974), and is appropriate
for materials undergoing moderately large strains. In this formulation, the second Piola-Kirchhoff
stresst is computed as
1 e
T = GL\—)C” -V 6”Jf : (33)
whereV isthe relative volume;  is the right Cauchy-Green strain tensoy, and  is Poisson’s ratio
which is set to 0.463 internally. The Cauchy stiess  is then foundtfrom  using

s = %Ft F, (34)

whereF is the deformation gradient ahd is the Jacobian of the deformation.

The Blatz-Ko hyperelastic model is often used to represent the behavior of rubber at moderately
large strains. The Blatz-Ko formulation yields a slightly compressible material. Only one input
parameter is required, and therefore this model may be useful when detailed test data is not
available for the material of interest. For more sophisticated hyperelastic models for rubber, see the
Compressible Mooney-Rivlin Rubber model (Material Type 27) or the Frazer-Nash Rubber model
(Material Type 31).
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Material Type 8 (High Explosive Burn)
An equation of state must be used with this model.

Columns Quantity Format
1-10 Card 3 Detonation velociti) E10.0
11-20 Chapman-Jouget pressupg; E10.0

21-30 Lighting time option|LOPT E10.0

EQ.0.0: Programmed burn
EQ.1.0: Beta burn

Card 4 Blank

Card 8 Blank

This model is based on work described in (Giroux, 1973), and is used to model the burning of
explosives. The detonation velociyy s the velocity of a detonation or burn front. The Chapman-
Jouguet pressur@.; is the maximum pressure realizable in a constant volume adiabatic burn.

During DYNAZ3D initialization, the lighting time of each element is computed from specified
detonation points using the programmed burn option. If detonation points are defined, then the
lighting timet_ for an element is computed based on the distance from the center of the element
to the nearest detonation point, divided by the detonation velocity

Burn fractions are computed to control the release of chemical energy for simulating high explosive
detonations. If the “beta burn” optiodl(OPT = 1 ) is selected, then the burn fraEtion is
computed from

_ _ 1-V
F=B-V) = 7 (35)
whereV is the current relative volumég, is the Chapman-Jouguet relative volume, and
_ 1
B = v (36)

This model is useful to detect initiation due to shock compression of HE.

For the programmed burn option, the burn fraction is computed from
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F = max R F,), (37)
where
F,. = ((t-t.)D)/(1.5h) (38)
ift>t,,andF; = 0 ift<t_, andh is a characteristic dimension of the element under consider-
ation.F, is computed from

1-V
1-Ve;-

If the above equations produce a burn fraction that is greater than one, then it is reset to one.

F, = B(1-V) =

(39)

The burn front propagates by multiplying the pressure computed from an equation-of-state by the
current burn fraction,

p = FpEOS(V! E)1 (40)
where peoyV, E) is the pressure computed from the equation-of-state at the current relative
volumeV and energ¥ . High explosives typically have large initial internal enerBies, , which

yield large pressures & - 1
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Material Type 9 (Fluid)
An equation of state must be used with this model.

Columns Quantity Format
1-10 Card 3 Pressure cutoff,,,  (positive in compression) E10.0
11-20 Viscosity coefficienty E10.0
Card 4. Blank
Card 8 Blank

The fluid material has no stiffness, and must be used with an equation-of-state. A viscous stress is
computed from

Sj = M€, (41)
whereg; is the deviatoric strain rate agyd  is the deviatoric stress.

Materials with no viscosity may reach large distortions under very small shear loads, so a nonzero
viscosity should always be used.

The pressure cutoff)..: , IS negative in tension. If the pressure becomes more tenglg, than ,
then it is reset to that value. Thus, the pressure cutoff can be interpreted as an approximate model
of cavitation. The deviatoric stresses arising from viscous effects are unaffected by the tensile
pressure cutoff.

This model is most useful for analyzing structures with contained fluids. Large distortions in the
fluid make some free-surface and fluid flow problems more amenable to analysis using other
analysis codes employing an Eulerian formulation. Caution should therefore be used when
applying this material model in situations where large distortions are expected.
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Material Type 10 (Isotropic-Elastic-Plastic-Hydrodynamic)

Columns

1-10
11-20
21-30
31-40

41-50
51-60
61-70

1-10

11-20

21-30

1-10
11-20

71-80
1-10

An equation of state must be used with this model.

Quantity Format
Card 3 Shear modulus, E10.0
Yield stressg, E10.0
Plastic moduluss, E10.0
Pressure cutoffy,,,  (positive in compression) E10.0
EQ.0.0: cutoff of— is assumed (no cutoff)
Linear pressure hardening coefficient, E10.0
Quadratic pressure hardening coefficiant, E10.0
Spall modellSPALL E10.0
EQ.0.0: default set to 1.0
EQ.1.0: Pressure limit model
EQ.2.0: Maximum principal stress spall criterion
EQ.3.0: Hydrostatic tension spall criterion
Card 4 Effective plastic strain at failuge, E10.0
EQ.0.0: no failure
Element deletion flag for plastic strain E10.0
EQ.0.0: No element removal upon failure
EQ.1.0: Element deleted wheéh = &}
Element deletion flag for spalSPALL = 2,3  only) E10.0
EQ.0.0: No element removal upon spall
EQ.1.0: Element deleted by spall criterion
Card 5 First tabulated effective plastic strafh, E10.0
&} E10.0
Ef E10.0
Card 6 Es E10.0

125



INPUT FORMAT

DYNA3D User Manual

Columns Quantity Format
71-80 &% E10.0
1-10 Card 7 First tabulated yield stress, E10.0
71-80 Oyg E10.0
1-10 Card 8 Oyo E10.0
71-80 Oy16 E10.0

If a tabulated yield stress vs. effective plastic strain curve is not given (Cards 5-8 are blank), then
the initial yield stres®, , plastic hardening modufijs
a,;anda, are taken from Card 3. In this case, a pressure hardening bilinear stress-strain curve
similar to that shown in Figure 4 is obtained with linear isotropic strain hardghirgX.0 ).

The yield condition can be written

(p = 6-_O-y(‘z:pi p) )
wheredG is the effective von Mises stress and

function of the effective plastic strag®  and pressure

1

_ 3 2

wheres; is the deviatoric stress tensor.

The hardening law has the form

oy = O-O + Ep‘(zp + (al + aZp)’p ’
is the tension-limited pressure found from

wherep is the pressure (positive in compression), and

The effective plastic straig’

p=maxpo).

IS given by

, and pressure hardening coefficients

(42)

is the current yield stress, which may be a
. The effective stress  is given by

(43)

(44)

(45)
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Figure 9
Tabulated yield stress vs. effective plastic strain curve.
t
g” = [dg®, (46)
!
where the incremental effective plastic strdaf is found from the incremental plastic strain
tensorde; as
1
b — 2 cPAsP 2

The plastic modulus can be related to Young’s modilus and the tangent mgdulus using
_ EE

" E-Ef

The plastic modulug, is the slope of the inelastic portion of the effective 6tress  vs. effective

plastic strairg” curve, and the tangent modiys is the slope of the inelastic part of a uniaxial

stress vs. strain curve (or equivalently, the effective stress vs. effective strain curve).

E

(48)
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If tabulated values of yield stress vs. effective plastic strain are specified on Cards 5-8, a nonlinear
strain hardening curve like that shown in Figure 9 may be defined. In this case the plastic hardening
modulus and pressure hardening coefficients input on Card 3 are not used, and the yield stress is
given as

o, = f(&"), (49)
where f (") is interpolated from the specified yield stress vs. effective plastic strain curve. Any
number of points, from 2 to 16, may be used to define the hardening curve. This option permits

additional detail to be included in the nonlinear strain hardening law, but pressure hardening is not
modeled with this approach.

A choice of three spall models is offered to represent material splitting, cracking, and failure under
tensile loads. The pressure limit mod@ISPALL= 1) , limits the hydrostatic tension to the
specified valuep.,; . If pressures more tensile than this limit are calculated, the pressure is reset to
Peui- This option is not strictly a spall model, since the deviatoric stresses are unaffected by the
pressure reaching the tensile cutoff, and the pressure cutoffyglue remains unchanged
throughout the analysis. The maximum principal stress spall mgteRALL = 2) , detects spall
if the maximum (most tensile) principal stress,,  exceeds the limiting vajig . Note that the
negative sign is required becausg; is measured positive in compressiongwhile is positive
in tension. Once spall is detected with this model, the deviatoric stresses are set to zero, and no
hydrostatic tensior{p<0) is permitted. If tensile pressures are calculated, they are resetto 0 in
the spalled material. Thus, the spalled material behaves as a rubble or incohesive material. The
hydrostatic tension spall mod€llSPALL= 3) , detects spall if the pressure becomes more
tensile than the specified limp,,;, . Once spall is detected the deviatoric stresses are set to zero,
and the pressure is required to be compressive. If hydrostatic tesio0) is subsequently
calculated, the pressure is reset to O for that element.

An effective plastic strain failure criterion is provided in this model. Wifer &} , the element
no longer can supports any deviatoric stresses.

The element may be removed from the calculation when either the plastic strain or spall criterion
(ISPALL 2 or 3 only) are satisfied by specifying the appropriate deletion flag. If both flags are set,
element removal will be governed by which ever failure mechanisms is satisfied first.

This model is applicable to a wide range of materials, including those with pressure-dependent
yield behavior. The use of 16 points in the yield stress vs. effective plastic strain curve allows com-
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plex post-yield hardening behavior to be accurately represented. In addition, the incorporation of
an equation of state permits accurate modeling of diverse volumetric behavior. The spall model op-
tions permit incorporation of material failure, fracture, and disintegration effects under tensile

loads.
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Material Type 11 (Steinberg-Guinan High Rate Elastic-Plastic)

Columns

1-10
11-20
21-30
31-40
41-50
51-60

61-70

71-80

1-10
11-20
21-30
31-40
41-50

1-10
11-20
21-30
31-40
41-50
51-60

61-70

An equation of state must be used with this model.

Quantity Format
Card 3 Shear modulus constdBy, E10.0
Yield stress constard, E10.0
Strain hardening law constafit, E10.0
Strain hardening exponent, E10.0
Initial plastic strainy; E10.0
Element deletion flag for plastic strain E10.0
EQ.0.0: No element removal upon failure
EQ.1.0: Element deleted whéh = &}
Element deletion flag for spalSPALL = 2,3  only) E10.0
EQ.0.0: No element removal upon spall
EQ.1.0: Element deleted by spall criterion
Element deletion flag for volumetric strain E10.0
EQ.0.0: No element removal upon failure
EQ.1.0: Element deleted whep = ¢,
Card 4 Yield stress work hardening linat, E10.0
Shear modulus pressure constant, E10.0
Yield stress pressure constdmt, E10.0
Energy coefficienh E10.0
Energy exponential coefficieft, E10.0
Card 5 Atomic weighiA (iIA = 0 R must be defined) E10.0
Melting temperature constaft,, E10.0
Thermodynamic gammg, E10.0
Thermodynamic constaat, E10.0
Pressure cutoff)., E10.0
Room temperaturé, E10.0
EQ.0.0: default set to 300.0
Debye coefficien E10.0

EQ.0.0: Debye correction ignored.
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Columns

71-80

1-10

11-20
21-30

31-40
41-50

51-60

61-70

1-16
17-32
33-48
49-64
65-80

1-16
17-32
33-48
49-64
65-80

Quantity Format
\olumetric strain at failure, E10.0
EQ.0.0: no failure
Card 6 Spall modelSPALL E10.0
EQ.0.0: default set to 2.0
EQ.1.0: Pressure limit model
EQ.2.0: Maximum principal stress spall criterion
EQ.3.0: Hydrostatic tension spall criterion
R (ifR #0, the atomic weighh is not used) E10.0
Effective plastic strain at failurep E10.0
EQ.0.0: no failure
Polynomial order for filNFIT L<NFIT<9 ) E10.0
Cold compression energy polynomial fIRgAR E10.0
EQ.0.0: Polynomial coefficients given or fit in termaof
EQ.1.0: Polynomial coefficients given or fit in termguof
Optional minimum limit for energy fit E10.0
Input N, if IVAR =0
Input Win if IVAR = 1
Optional maximum limit for energy fit E10.0
Input N ., IfFIVAR =0
Input Yay if IVAR = 1
Card 7 First cold compression polynomial coeffici&t, E16.0
EC, E16.0
EC, E16.0
EC, E16.0
EC, E16.0
Card 8 EC, E16.0
ECs E16.0
EC, E16.0
ECs E16.0
EC, E16.0
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The formulation of this model is described by Steinberg and Guinan (1978), and some notes on the
implementation are given in (Woodruff, 1973).

In terms of the foregoing input parameters, we define the shear md@ulus, , before the material
melts as:

fE;

1 R
— 3 Ei_EC E—E;
G = Go[l+bpv3—h,r_ - —3oq}e (50)

wherep is the pressur®, is the relative voluilge, is the current eBgrgy, is the cold
compression energy, aifif}, is the melting energy. The cold compression energy is calculated
using

X

E.(x) = J’pdx, (51)

wherex = 1-V . The equation is integrated using initial enétgy  and preBsure  conditions
that correspond to zero K and are given by

Eo = _3R'Troom (52)
and
_ o)
P, = VOEODeby%r-Tmomi . (53)
HereDebye is the Debye correction factor, and has a default value of 1 @herD . (For values

of 0, see Zemansky, 1951.) The melting energy is found from the cold compression energy and the
melting temperature using

En(X) = Ec(X) +3RT(X) , (54)
where the melting temperatufg, is given by
To(X) = TmeeXp(22%) (55)
2Ly0—a—%‘

andT,, is the melting temperature at the initial dengiy,

In the above equation® is defined by
_ Rp
R = A (56)

whereR is the universal gas constant and is the atomic whligta.that if R' is not defined,
DYNA3D computes it with R in the cm-gram-microsecond system of unit§.hus, this option

should not be used unless the entire model is defined in the cm-gram-microsecond second system
of units.
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If E, exceedsE; (i.e., the material has not melted), then the yield strepgth  is given by:

fE;

T E-E E-E
o, = 05[1+b'pV3—hL s °—3oq}e & (57)

The work-hardened yield streg} is found from the initial yield strgss and the accumulated
effective plastic straig” using the hardening law

0o = Oo[1+B(yi +EN]", (58)
wherey; isthe initial plastic strain. If the work-hardened yield stigss ~ exceeds the limiting value

O.,thenao'y isresetto, . Afterthe materials meksXE,, ), the yield strgss and shear
modulusG are reset to one half their initial value.

The evaluation of the cold compression enekgyx) using (51) is too expensive to perform at
each step of a calculation. As an approximation, many codes (including DYNA3D) use a
polynomial to interpolate cold compression energy data during executibAlR = 0 , then the

independent variable is chosenrps , and the polynomial takes the form
9

E. = Y ECn', (59)

and if IVAR = 1, then the independent variablgiis  and the polynomial takes the form
9

E.= SECU. (60)
2
Note that the density and compression variables are related by
Xx=1-V T 1 - (61)

The coefficientEC, througeC, may be defined in the input if they are known. If they are not
specified in the input, DYNA3D will fit the cold compression energy with up to a ten term
polynomial expansion using a least squares method. If the order of the polynomial is not specified,
DYNA3D will automatically pick the best polynomial order that fits the EOS generated data.
Otherwise, DYNA3D will attempt to fit the data to the polynomial order desired. When DYNA3D
performs any fit, the exact cold compression energy is compared with the cold compression energy
found using the fitted polynomial at selected values of , and the results printedhsle “

output file. These results should be examined closely to verify that a reasonably accurate
polynomial fit has been obtained.
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A Debye correction can be applied to the cold compression energy to improve the model’'s temper-
ature response. This option is activated by specifying non-zero values of the Debye room temper-
ature and coefficier@ . The cold compress energy is then calculated at zero Kelvin, instead of
using (51) which starts at 300 K.

A choice of three spall models is offered to represent material splitting, cracking, and failure under
tensile loads. The pressure limit modéiISPALL= 1) , limits the hydrostatic tension to the
specified valuep,.,,; . If pressures more tensile than this limit are calculated, the pressure is reset to
P..:- This option is not strictly a spall model, since the deviatoric stresses are unaffected by the
pressure reaching the tensile cutoff, and the pressure cutoffpalue remains unchanged

throughout the analysis. The maximum principal stress spall mgteRALL = 2) , detects spall
if the maximum (most tensile) principal stresg,,  exceeds the limiting vapdg . Note that the
negative sign is required becausg;, is measured positive in compressiongwhile is positive

in tension. Once spall is detected with this model, the deviatoric stresses are set to zero, and no
hydrostatic tensior{p <0) is permitted. If tensile pressures are calculated, they are reset to 0 in
the spalled material. Thus, the spalled material behaves as a rubble or incohesive material. The
hydrostatic tension spall moddllSPALL= 3) , detects spall if the pressure becomes more
tensile than the specified limip.,, . Once spall is detected the deviatoric stresses are set to zero,
and the pressure is required to be compressive. If hydrostatic tgnpsiof) is subsequently
calculated, the pressure is reset to O for that element.

A failure criterion based on either effective plastic strain or volumetric strain is provided in this
model. When the effective plastic strain or the volumetric strain exceeds the prescribed value
ande, respectively, the deviatoric stresses are zeroed, and the element can only support hydrostatic
stresses consistent with the particular spall model.

The element maybe removed from the calculation when either the plastic strain or spall criterion
(ISPALL 2 or 3 only) are satisfied by specifying the appropriate deletion flag. If both flags are set,
element removal will be governed by which ever failure mechanisms is satisfied first.

The Steinberg-Guinan model is applicable to metals at high strain rated QPear ), where the
enhancement of the yield stress due to strain rate effects has reached a limiting value and
compression heating effects are becoming important. Model predictions may become substantially
less accurate at low strain rates (bel®{s™ ). Examples of problems in this high strain rate
regime include some explosive forming operations, metal penetration problems, and the simulation
of high velocity ballistic impact.
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Material Type 12 (Isotropic-Elastic-Plastic)

Columns Quantity Format
1-10 Card 3 Shear modulus, E10.0
11-20 Yield stressg, (see Figure 4) E10.0
21-30 Tangent modulug, E10.0
1-10 Card 4 Bulk modulus E10.0
Card 5 Blank
Card 8 Blank

This model produces bilinear elastoplastic behavior which is identical to Material Type 3 with

B = 1.0, but is slightly faster and requires less storage. Note also that the input quantities vary
slightly from those of Material Type 3.

The theoretical foundations of this model are similar to those described for Material Type 3. The
numerical algorithms are based on those described in (Krieg and Key, 1976).
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Material Type 13 (Elastic-Plastic with Failure)

Columns Quantity Format
1-10 Card 3 Shear modulus, E10.0

11-20 Yield stressg, (see Figure 4) E10.0

21-30 Tangent modulug, E10.0

31-40 Effective plastic strain at failurg} E10.0

41-50 Failure pressurp; (positive in compression) E10.0
1-10 Card 4 Bulk modulus E10.0
1-10 Card 5 Effective plastic strain based element delefiéi,AG E10.0

EQ.0.0: Element remains active
EQ.1.0: Element is removed whéh = &p

11-20 Pressure-based element deletiRl.AG E10.0
EQ.0.0: Element remains active
EQ.1.0: Element is removed whe@rx p;

Card 6 Blank
Card 7 Blank
Card 8 Blank

This model produces bilinear elastoplastic behavior identical to Material Type 12, except that two
failure criteria have been incorporated. Before failure occurs, this model will give exactly the same
behavior as Material Type 12, or Material Type 3 vt 1.0 . The theoretical formulation for
the elastoplastic models is described in detail for Material Type 3.

Two failure criteria have been implemented in this model: an effective plastic strain based criterion,
and a hydrostatic tension based criterion. If the effective plastic strain reaches the failurg/value
then all deviatoric stresses are set to zero, and the stress state becomes hydrostatic and remains
hydrostatic for the duration of the analysis. This hydrostatic stress state may include tensile values
which are admissible to the pressure criterion. The pressure criterion is checked even after the
element fails due to the strain criterion, and if the failure pressure is subsequently exceeded due to
hydrostatic tension, then the element fails completely and can support only hydrostatic
compressive stresses. If the pressure in the element becomes more tensile (negative) than the failure
pressurg; ,then all stresses are setto zero and the element can never again support any hydrostatic
tension at all, and can never again support any deviatoric stresses. The only possible stress state in
such an element is pure hydrostatic compression.
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Elements may be optionally removed from the calculation based upon either or both failure criteria.
When an element deletion option is activated, the element is removed from the calculation when
the associated failure criterion is reached. If BBFHLAG = 1 RRUAG = 1 , the element
will be deleted when either criterion is satisfied. Note, deleted element behave differently than
completely failed elements in that they supparstresses -- not even hydrostatic compression.

This model is useful as an approximate representation of ductile (strain-based) or brittle (stress-
based) failure in elastic or elastoplastic materials. After a material fails completely, its behavior is
similar to that of a fluid in that it can only support purely hydrostatic compressive stresses.
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Material Type 14 (Soil and Crushable Foam with Failure)

Columns

1-10
11-20
21-30
31-40
41-50
51-60

61-70

71-80

1-10

11-20
21-30
31-40

1-10
11-20
21-30
31-40

1-10
11-20
21-30
31-40

1-10
11-20
21-30
31-40

Quantity Format
Card 3 Shear modulus, E10.0
Bulk unloading moduluss,, E10.0
First yield function constardy E10.0
Second yield function constaat, E10.0
Third yield function constars, E10.0
Failure pressure for hydrostatic tension critepen, E10.0
(used only ifIFLAG = 0)
Failure criterion flagFLAG E10.0
EQ.0.0: Hydrostatic tension criterion
EQ.1.0: Maximum principal stress criterion
Maximum principal stress for failure criterian, E10.0
(used only ifIFLAG = 1)
Card 4 First (most tensile) tabulated volumetric stigin, E10.0
(see Figure 10)
First tabulated pressun, E10.0
Second tabulated volumetric straip, E10.0
Second tabulated pressype, E10.0
Card 5 Third tabulated volumetric stradty, E10.0
Third tabulated pressune, E10.0
Fourth tabulated volumetric straa, E10.0
Fourth tabulated pressup, E10.0
Card 6 Fifth tabulated volumetric strag, E10.0
Fifth tabulated pressurp; E10.0
Sixth tabulated volumetric strams E10.0
Sixth tabulated pressun, E10.0
Card 7 Seventh tabulated volumetric strajn, E10.0
Seventh tabulated pressupe, E10.0
Eighth tabulated volumetric stragyg E10.0
Eighth tabulated pressugm, E10.0
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Columns Quantity Format
1-10 Card 8 Ninth tabulated volumetric stragt, E10.0
11-20 Ninth tabulated pressune, E10.0
21-30 Modified elliptical surface flagAMOD E10.0
31-40 Unloading factomx  (UOPT=2 only) E10.0
41-50 Initial relative volume E10.0

EQ.0.0: no initial relative volume specified (default)
GT.0.0: default initial relative volume

51-60 Unloading option, UOPT E10.0
EQ.0.0: volumetric crushing upon unloading
EQ.1.0: no volumetric crushing upon unloading
EQ.2.0: limited volumetric crushing - variable slope
EQ.3.0: limited volumetric crushing - fixed slope

61-70 Load curve number for time-dependent relative volume E10.0
EQ.0.0: no load curve included (default)
GT.0.0: load curve number describing relative volume

71-80 Hysteresis factoy, (UOPT=2,3 only) E10.0
Before failure, the behavior of this model is identical to Material Type 5.

Pressure is positive in compression, and volumetric strain is negative in compression. Volumetric
strain is given by the natural log of the relative volume. The tabulated pressure-volumetric strain
data may contain up to nine pairs of points, and must be given in ordecrefsingcompression.

The deviatoric perfectly plastic yield functign is defined as

®=Jy—[a+ap+ap], (62)
wherea, ,a, ,andh, are constants, ispressure,Bnd is the second invariant of the deviatoric
stress tensa@ given by

1
J, = éSjSij- (63)

Plastic flow is nonassociativeaff @ IS honzero.

On the yield surfacdl, = %05 , Whei®, is the uniaxial yield stress. Thus, the yield stress at any
pressurg is given by
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1

g, = [3(a +ap+a,p’)]" . (64)
There is no strain hardening in this model, so the yield stress is completely determined by the
pressure.

To eliminate the pressure dependence of the yield strength, seta, = 0 aoand%crﬁ . This
approach is useful when a pressure-independent, elastic perfectly-plastic model with failure is
desired for use with tabulated volumetric data.

This model allows one of two failure criteria to be used: a hydrostatic tension criterion

(IFLAG = 0) or a maximum principal stress criterighFLAG = 1) . The hydrostatic tension
criterion detects failure if the pressure in the element is less than the specified failure pygssure,
(recall that pressure is positive in compression). Once failure is detected by this criterion, all
stresses in the element are set to zero, and the element can never again sustain any hydrostatic
tension or shear stresses. The element can only support purely compressive hydrostatic stresses,
and therefore behaves like a fluid. The maximum principal stress criterion detects failure if the
largest (most tensile) principal stress exceeds the specified failurestress, . Once failure is
detected by the maximum principal stress criterion, the deviatoric stresses are gradually reduced to
zero over a few time steps, and the hydrostatic pressure is left unchanged. This gradual reduction
of the deviatoric stresses has been found to introduce less noise into some problems than an abrupt
reduction of the deviatoric stresses to zero.

This material model is useful as a simple representation of pressure hardening, where the deviatoric
yield strength of a material increases as the hydrostatic pressure increases. At any constant
pressure, the deviatoric behavior is elastic perfectly-plastic. A failure criterion based on either
hydrostatic tension or maximum principal stress may be used to approximately represent the degra-
dation of material strength under extreme loads. This model permits a general representation of the
volumetric behavior of the material via a tabulated pressure-volumetric strain curve. This flexibility
makes Material Type 14 useful for representing materials with a stiffening pressure-volume curve.
Such stiffening behavior is frequently found in porous materials such as wood or foam. This model
is also often used as a simplified model for concrete or soil.

If the material is pre-stressed, an initial relative volume can be input on the 8th card. This value
may be overwritten or prescribed on an element by element basis by specifying an initial relative
volume on the element definition card (see SOLID ELEMENTS on page 308). When an initial
relative volume is present, a corresponding pressure is internally calculated from the pressure-
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volumetric strain curve. The element’s effective relative volume is the sum of the deformation
induced relative volume, any prescribed initial relative volume, and an optionally included user-
imposed complementary relative volume. The user-imposed complementary relative volume is
defined as a function of time and specified with a load curve. It is useful for phasing in an initial
volumetric deformation or cushioning the instantaneous high stresses that arise from some pre-
stressing conditions.

A

P

Xps

Figure 10
Pressure vs. volumetric strain curve for soil and crushable foam model.

A hysteresis effect, as shown in Figure 8, may be introduced into the volumetric response by using
UOPT=2 or 3. Here the saturation portions of the unload pressure versus volumetric strain curve is
given byyP(g,) . The slope of the transition between the loading and unloading ddrves, ,
can be set proportional to the(e,) curve as

_ dP(e))
Kunload_ a dev (65)
with UOPT=2, or be fixed as
Kunload = Ku (66)

with UOPT=3.
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Material Type 15 (Johnson/Cook Elastic-Plastic)
An equation of state must be used with this model for solid elements.

Columns

1-10
11-20
21-30
31-40
41-50
51-60
61-70
71-80

1-10
11-20
21-30
31-40

41-50

51-60

1-10
11-20
21-30
31-40
41-50

Quantity Format

Card 3

Card 4

Card 5

Shear moduluS, (solid elements only, blank for shells) E10.0

Yield stress constars, E10.0
Strain hardening coefficieis, E10.0
Strain hardening exponent, E10.0
Strain rate dependence coeffici€ht, E10.0
Temperature dependence exponant, E10.0
Melt temperaturel,, , in degrees Kelvin E10.0
Room temperatur€, ,in degrees Kelvin E10.0
Reference strain ratg, E10.0
Specific heat, E10.0
Pressure cutoffy.,, , or failure stress, E10.0

Spall modellSPALL
EQ.1.0: Pressure limit model (default - solids)
EQ.1.0: No spall model (default - shells)
EQ.2.0: Maximum principal stress spall criterion
EQ.3.0: Hydrostatic tension spall criterion

Plastic strain iteration flagTER E10.0
EQ.0.0: fast approx. solution for plastic strain (default)
EQ.1.0: accurate iterative solution for plastic strain

(More expensive than default.)

Element deletion flag based upon spall (solids only) E10.0
EQ.0.0: No element removal
EQ.1.0: Element deleted upon spall
(ISPALL 2 & 3 only)

First failure parameté, E10.0
D, E10.0
D, E10.0
D, E10.0
Ds E10.0
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Columns Quantity Format

51-60 Element deletion flag for damage E10.0
EQ.0.0: No element removal upon fracture
EQ.1.0: Element deleted whénh = 1

Card 6 Blank
Card 7 Blank
1-10 Card 8 Young’s modulug, (shells only, blank for solid elements) E10.0
11-20 Poisson’s ratioy  (shells only, blank for solid elements) E10.0
21-30 Time step size for element deletid,;; E10.0

The formulation of this model is described and constants for many materials are given in Johnson
and Cook (1983).

The yield stress is written as

o, = [A+B(E")][1+CInE)][1-(T)" (67)
whereA, B, C, n andn are input constan&8, s the effective plastic stgain,  is the nondimen-

sional strain rate, an@i*  is the homologous temperature. The effective plasti&8train  is given by
t

g’ = [dg®, (68)
!
where the incremental effective plastic strea? Is found from the incremental plastic strain
tensorde; as
1
2
de” =, Sdefde], (69)

The nondimensional strain ragé is calculated from

p

o

g = (70)

m

0

whereg " is the effective plastic strain rate amd s the reference strain rate defined in the input.
The homologous temperatufe  is the ratio of the current temperature to the melting temperature
when both are expressed in degrees Kelvin. Temperature change in this model is computed
assuming adiabatic conditions, i.e., no heat transfer between elements. This is usually a good
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assumption since transient dynamic problems typically occur over such a short time interval that
the actual heat transfer is negligible. Heat is generated in an element by plastic work, and the
resulting temperature rise is computed using the specific heat for the material.

Due to the nonlinearity in the dependence of the yield stress on plastic strain, an accurate value of
the yield stress requires expensive iteration for calculation of the increment in plastic strain.
However, by using a Taylor series expansion with linearization about the currentstate,  can be
approximated with sufficient accuracy to avoid iteration and achieve optimum execution speed.

This implementation of the Johnson-Cook model also contains a damage model. The strain at
fracturee; is given by

€ = [D,+ D,exp( D,o+)][1+D4In(e*)][1+ DsT (71)
whereo - is the ratio of pressure divided by effective stress

O+ =

Qllrc

, (72)

and effective stress is found from

1

_ 3 2
Note that this definition 06 - may be reversed in sign from convention in the original publications
of Johnson and Cook; the signbf should be chosen carefully.

Fracture occurs when the damage param@ter exceeds the value of 1. The evolution of the damage
parameter is given by

_ < Ag°
D = zs—f, (74)

where the summation is performed over all time steps in the analysis. When fracture occurs, all
stresses are set to zero and remain zero for the rest of the calculation.

A choice of three spall models is offered to represent material splitting, cracking, and failure under
tensile loads for solids. The pressure limit modé§PALL= 1) , limits the hydrostatic tension

to the specified valugy.; . If pressures more tensile than this limit are calculated, the pressure is
reset top.,; . This option is not strictly a spall model, since the deviatoric stresses are unaffected
by the pressure reaching the tensile cutoff, and the pressure cutofpyalue remains unchanged
throughout the analysis. The pressure cutaff, , Is defined to be negative in tension. The
maximum principal stress spall modélSPALL= 2) , detects spall if the maximum (most

144



DYNAS3D User Manual MATERIALS

tensile) principal stress,,., exceedsthe limiting vatiie . Once spall is detected with this model,
the deviatoric stresses are set to zero, and no hydrostatic tipsion) is permitted. If tensile
pressures are calculated, they are reset to 0 in the spalled material. Thus, the spalled material
behaves as a rubble or incohesive material. The hydrostatic tension spall ii&RALL= 3) :
detects spall if the pressure becomes more tensile than the specified.|jmit, . Once spall is
detected, the deviatoric stresses are set to zero and the pressure is required to be compressive. If
hydrostatic tensior{p <0) is calculated, then the pressure is reset to O for that element. For shell
elements, the optioflISPALL=1) deactivates the spall feature; however, the other two spall
models are available.

In addition to the above failure criterion, this model also supports two element deletion criterion.
When the element fails due to accumulated damage, it may be optionally removed from the calcu-
lation. Also, an optional maximum stable time step sidg;; may be prescribed. It supersedes
other material or globally specified values. Gener&lty,., goes down as the element becomes
more distorted. To assure stability of time integration, the global DYNAS3D time step is the
minimumof the At,,., values calculated for all elements in the model. Using this option allows the
selective deletion of elements whose time si¢p., has fallen below the specified minimum time
step,At.,i; . Elements which are severely distorted often indicate that material has failed and
supports little load, but these same elements may have very small time steps and therefore control
the cost of the analysis. This option allows these highly distorted elements to be deleted from the
calculation. Therefore the analysis can proceed at a larger time step and thus at a reduced cost.
Deleted elements do not carry any load. Deleted shell elements are removed from all applicable
slide surface definitions, while solid elements are only removed from applicable SAND slide
surfaces. Clearly, this option must be judiciously used to obtain accurate results at a minimum cost.

Material Type 15 is applicable to the high rate deformation of many materials, including most
metals. Unlike the Steinberg-Guinan model (Material Type 11), the Johnson-Cook model remains
valid down to lower strain rates, and even into the quasistatic regime. Typical applications include
explosive metal forming, ballistic penetration, and impact.
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Material Type 16 (Concrete/Geological Material)
This model must be used with equation of state type 8, 9, or 11.

Columns Quantity Format
1-10 Card 3 First elastic constant E10.0
Poisson’s ratioy , for constant model
Negative of shear modulusG | for const&nt  model
11-20 Maximum principal stress at failure,, E10.0
21-30 Cohesiona, E10.0
31-40 Pressure hardening coefficiemt, E10.0
41-50 Pressure hardening coefficiemt, E10.0
51-60 Damage scaling factdr, E10.0
61-70 Cohesion for failed material; E10.0
71-80 Pressure hardening coefficient for failed mateajal, E10.0
1-10 Card 4 Percent reinforcemefit, 0 <(f, < 100% ) E10.0
11-20 Elastic modulus for reinforcemet, E10.0
21-30 Poisson’s ratio for reinforcement, E10.0
31-40 Initial yield stressg, E10.0
41-50 Tangent modulug, E10.0
51-60 Load curve giving rate sensitivity for principal materal, E10.0
61-70 Load curve giving rate sensitivity for reinforcement, E10.0
1-10 Card 5 First tabulated effective plastic strafi, , or pressfre, E10.0
71-80 €5 Orpg E10.0
1-10 Card 6 &) or ps E10.0
71-80 Els OrpPis E10.0
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Columns Quantity Format
1-10 Card 7 First tabulated yield stresg,. E10.0
71-80 Oyg E10.0

1-10 Card 8 Oyo E10.0
71-80 Oy16 E10.0

Material Type 16 was developed to give concrete and geological material modeling capabilities to
DYNAS3D. It can be used in two major modes - a fairly simple tabular pressure-dependent yield
surface, and a potentially complex model featuring two yield versus pressure functions with
various means of migrating from one curve to the other. For both modes, loaddurve s taken to
be a strain rate multiplier for the yield strength.

Note that this model must be used with Equation-of-State type 8, 9 or 11.
Response Mode I. Tabulated Yield Stress Versus Pressure

This mode is well suited for implementing standard geologic models like the Mohr-Coulomb yield
surface with a Tresca limit, as shown in Figure 11. Examples of converting conventional triaxial
compression data to this type of model are found in (Desai and Siriwardane, 1984). Note that under
conventional triaxial compression conditions, the DYNAS3D input corresponds to an ordinate of

. 0,—0 . . e
0, — 05 rather than the more widely usee%z—3 , where  is the maximum principal stress and

03 is the minimum principal stress.

Using Material Type 16 combined with Equation-of-State Type 9 (saturated) or Type 11 (air filled
porosity), has been successfully used to model ground shocks and soil/structure interactions at
pressures up to 100 kbar (approximatefyx 10 psi).
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To invoke Mode | of this model, sat a; a; b, ay , aad to zero. The tabulated values of

pressure should then be specified on cards 5 and 6, and the corresponding values of yield stress
should be specified on cards 7 and 8. The parameters relating to reinforcement properties, initial
yield stress, and tangent modulus are not used in this response mode, and should be set to zero.

Simple tensile failure

Note thata,; is reset internally to 1/3 even though it is input as zero; this defines a failed material
curve of slope8p , wherp denotes pressure (positive in compression). In this case the yield
strength is taken from the tabulated yield vs. pressure curve until the maximum principal stress
(0,) inthe element exceeds the tensile cut-aff{ ). For every time stepothato, the yield
strength is scaled back by a fraction of the distance between the two curves until after 20 time steps
the yield strength is defined by the failed curve. The only way to inhibit this feature isotQ,set
arbitrarily large.

Mohr-Coulomb

Tresca \

i Friction Angle

Cohesion

Pressure

Figure 11
Mohr-Coulomb surface with a Tresca limit.
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Response Mode Il. Two Curve Model with Damage and Failure

This approach uses two yield versus pressure curves of the form

- p
o, a0+a1+a2p' (75)

The upper curve is best described as the maximum yield strength curve and the lower curve is the
failed material curve. There are a variety of ways of moving between the two curves, and each is
discussed below.

O tailed = of

Pressure

Figure 12
Two-curve concrete model with damage and failure.
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Mode II.A: Simple tensile failure

Definea, ,a, ,a, ,ap; and,; , sdh, to zero, and leave cards 5 through 8 blank. In this case the
yield strength is taken from the maximum yield curve until the maximum principal stegss () in
the element exceeds the tensile cut-aiff ). For every time stepthab,,, the yield strength
is scaled back by a fraction of the distance between the two curves until after 20 time steps the yield
strength is defined by the failed curve.

Mode II.B: Tensile failure plus plastic strain scaling

Defirea, ,a, ,a, ,a0; anda,; , seb, taero, and use cards 5 through 8 to define a scale fagtor,

versus effective plastic strain. DYNA3D evaluatgs at the current effective plastic strain and then
calculates the yield stress as

Oyield = Oraited + N(Omax— Orailed) (76)
whereo,,., antb,; s are found as shown in Figure 12. The yield strength is then subject to
scaling for tensile failure as described above. This type of model allows the description of a strain
hardening and/or softening material such as concrete.

Mode II.C: Tensile failure plus damage scaling

The change in yield stress as a function of plastic strain arises from physical mechanisms such as
internal cracking, and the extent of this cracking is affected by the hydrostatic pressure when the
cracking occurs. This mechanism gives rise to the “confinement” effect on concrete behavior. To
account for this phenomenon a “damage” function was defined and incorporated into Material
Type 16. The damage function is given by

A= [[— 77
[—E— (77)
15y

cut

Defireay , a, ,a, ,aq; ,a1; , ando, Cards 5through 8 now give as afunctionof and scale the
yield stress as

Oyield = Oftailed ¥ N(Omax— Otailed) (78)
and then apply any tensile failure criteria.
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Mode Il Concrete Model Options

Material Type 16 in Mode Il provides for the automatic internal generation of a simple “generic”
model for concrete. 1&, is negative, thep, is assumed to be the unconfined concrete
compressive strengtli( )ar@d, isassumed to be aconversion factor from DYNA pressure units
to psi. In this case the parameter values generated internally are:

(fi)2

Ocut = 1'7L “a, t (79)
_ fe

Q = 2 (80)
_1

a = 3 (81)
_ 1

a; =0 (83)

a,; = 0.385 (84)

Note thatthesa,; araml; defaults will be overridden by nonzero entries on Card 3. If plastic strain
or damage scaling is desired, Cards 5 through 8tand  should be specified in the inpuajVhen

is input as a negative quantity, the Equation-of-State can be given as 0 and a trilinear EOS Type 8
model will be automatically generated from the unconfined compressive strength and Poisson’s
ratio. The EOS 8 model is a simple pressure versus volumetric strain model with no internal energy
terms, and should give reasonable results for pressures up to 5 kbar (approximately 75,000 psi).

Mixture model

A reinforcement fractionf, , can be defined along with properties of the reinforcement material.
The bulk modulus, shear modulus, and yield strength are then calculated from a simple mixture
rule. This feature iexperimentahnd should be used with caution. It gives an isotropic effect in the
material instead of the true anisotropic material behavior. A reasonable approach would be to use
mixture elements only where the reinforcing exists and plain elements elsewhere. When the
mixture model is being used, the strain rate multiplier for the principal material is taken from load
curve N, and the multiplier for the reinforcement is taken from load digve

151



INPUT FORMAT DYNAS3D User Manual

A Suggestion

Moor (1991) suggests using the damage function (Mode 11.C.) in Material Type 16 with the
following set of parameters:

and a damage table of:

Card 5
Card 6
Card 7
Card 8

_

& = 7 (85)
_1

a =3 (86)
_ 1

a = 3t (87)
- L (88)

dot 10

a;; =15 (89)

b, = 1.25 (90)

0.0 8.62e-06 2.15e-05 3.14e-05 3.95e-05 5.17e-04 6.38e-04 7.98e-04

9.67e-04 1.41e-03 1.97e-03 2.59e-03 3.27e-03 4.00e-03 4.79e-03 0.909
0.309 0.543 0.840 0.975 1.00 0.790 0.630 0.469
0.383 0.247 0.173 0.136 0.114 0.086 0.056 0.0

This set of parameters should give results consistent with (Dilger, Koch, and Kowalczyk, 1984) for
plain concrete. It has been successfully used for reinforced structures where the reinforcing bars
were modeled explicitly with embedded beam and shell elements. The model does not incorporate
the major failure mechanism - separation of the concrete and reinforcement leading to catastrophic
loss of confinement pressure. However, experience indicates that this physical behavior will occur
when this model shows about 4% strain.
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Material Type 17 (Isotropic Elastic-Plastic with Oriented Cracks)
An equation of state must be used with this model.

Columns Quantity Format
1-10 Card 3 Young’s modulug, E10.0
1-10 Card 4 Poisson’s ratio, E10.0
1-10 Card 5 Yield stressy, E10.0
1-10 Card 6 Tangent modulus; E10.0
1-10 Card 7 Fracture strength; E10.0
1-10 Card 8 Pressure cutoff,,;  (positive in compression) E10.0

Material Type 17 is experimental, and should be used with caution.

This model provides isotropic elastic-plastic material response identical to Material Type 12, and
additionally incorporates a fracture and failure model. In contrast to the fracture and failure models
available in other elastic-plastic material models, this fracture model incorporates the effects of
crack orientation.

The yield condition can be written

¢ =0-0,(¢"), (91)
whereG is the effective stress aagd  is the current yield stress, which may be a function of the
effective plastic straig” if strain hardening is included. The effective siress is given by

3
O = 45%Sy - (92)

wheres; is the deviatoric stress tensor.

The linear isotropic strain hardening law has the form

0, = 0o+ E,E", (93)
wherea, is the initial yield stress arif], s the plastic modulus. The effective plastic 8frain s
given by

t
" = [de, (94)
0
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where the incremental effective plastic strdaf is found from the incremental plastic strain
tensorde; as
1

dg® = édéi’}déi‘j’,‘ . (95)

The plastic modulus is found from Young's modultis and the tangent mo8ulus using
_ EE

P E-E

The plastic hardening modulls,  is the slope of the effective sGiess  vs. effective plastic strain

g curve, and the tangent modulls s the slope of the inelastic part of a uniaxial stress vs. strain

curve (or equivalently, the effective stress vs. effective strain curve).

E

(96)

A pressure cutoff limits the hydrostatic tension to the specified vaiye, . If pressures more tensile
than this limit are calculated, the pressure is resptto

The oriented crack fracture model is based on a maximum principal stress criterion. When the
maximum principal stress exceeds the fracture stmss, , the elementfails on a plane perpendicular
to the direction of the maximum principal stress. The normal stress and two shear stresses on that
plane are then reduced to zero. This stress reduction is done according to a delay function that
reduces the stresses gradually to zero over a small number of time steps. This delay function
procedure is used to reduce the “ringing,” or high frequency noise, introduced into the system
caused by the sudden fracture.

After a tensile fracture, the element will not support any tensile stresses on the fracture plane, but
in compression will support both normal and shear stresses. The orientation of this fracture surface
is tracked throughout the deformation, and is updated to properly model finite deformation effects.

If the maximum principal stress subsequently exceeds the fracture stress in another direction, the
element failure is isotropic. In this case the element completely loses its ability to support any shear
stresses or hydrostatic tension, and only compressive hydrostatic stress states are possible. Thus,
once isotropic failure has occurred, the material behaves like a fluid.

This model is applicable to elastic or elastoplastic materials under significant tensile or shear
loadings when fracture is expected. Potential applications include brittle materials such as ceramics
(with o, = o; in the yield function), as well as porous materials such as concrete in cases where
pressure hardening effects are not significant.
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Material Type 18 (Power Law Isotropic Elastic-Plastic)

Columns Quantity Format
1-10 Card 3 Young’s modulug, E10.0
11-20 Poisson’s ratio E10.0
21-30 Yield stress coefficierk, E10.0
31-40 Strain hardening exponent, E10.0
n can not be 1.0.
41-50 Optionale, E10.0
Card 4 Blank
Card 5 Blank
Card 8 Blank

The material behavior is elastoplastic with nonlinear isotropic strain hardening given by a power
law expression. The yield condition can be written

®=0-0,8&", (97)
whered is the effective stress aagl  is the current yield stress. The hardening law has the form
o, = k(g +£")", (98)

whereg, is the initial yield strain and, if undefined, is given by

1
n-1

E

This model is generally applicable to ductile materials such as metals. Although similar to Material
Types 3 and 12, this model provides additional flexibility in specifying the post-yield behavior with
a nonlinear isotropic hardening law.
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Material Type 19 (Strain Rate Dependent Isotropic Elastic-Plastic)

Columns Quantity Format
1-10 Card 3 Young’s modulug, E10.0
11-20 Poisson’s ratioy E10.0
21-30 Load curve number for yield stress  as a function E10.0
of strain ratee
31-40 Tangent modulug; E10.0
41-50 Optional load curve number defining Young’s modulus E10.0
as a function of strain rate
51-60 Optional load curve number defining the tangent modulus  E10.0
as a function of strain rate
61-70 Optional load curve number defining the effective stress E10.0
at failureg; as a function of strain rate
71-80 Time step size for automatic element deletig;, E10.0
Card 4 Blank
Card 5 Blank
Card 8 Blank

The material behavior is elastoplastic with strain rate dependent isotropic hardening. The yield
condition can be written

¢ = 0-0,(E"€) (100)
whereG isthe effective stressang  is the current yield stress, which may depend on the effective
plastic strairg” and the current effective strain rate, . The effective stress is found from the devia-
toric stress tensas;  as

_ 3 :
The isotropic strain hardening law has the form

0, = 0o(E) +E,E" , (102)
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whereag, isthe initial yield stress, determined by the load curve specificatiop of £ vs. E,and
is the plastic hardening modulus. The effective straingate is defined as

- 2. . %
€ = Léeijeljl, )

whereg; is the deviatoric strain rate tensor. The plastic modijus represents the slope of the

(103)

effective stress vs. effective plastic strain curve, and the tangent moBulus represents the slope

of the inelastic portion of the uniaxial stress vs. uniaxial strain curve. The plastic modulus can be

written in terms of the Young's modulis and the tangent modtijus as
_ EE

P E-E

Both Young’s modulus and the tangent modulus may optionally be made functions of strain rate

E

(104)

by specifying a load curve number giving their values as a function of strain rate. If these load curve
numbers are input as 0, then the constant values specified in the input are used.

Note: All load curves used to define quantities as a function of strain rate must have the same
number of points and the same strain rate valliess requirement is used to allow vectorized
interpolation to enhance the execution speed of this model.

This model also contains a mechanism for modeling material failure. This option is activated by
specifying a load curve defining the effective stress at faiiure  as a function of strain rate. For
solid elements, once the effective stress excegds |, the element is deemed to have failed. For shell
elements, all integration point through the thickness must have an effective stress greater than
Once failure is detected in an element, all stresses are set to zero, and the element is removed from
the problem.

In addition to the above failure criterion, this material model also supports a element deletion
criterion based on the maximum stable time step size for this eledgt, . Gengtally, goes
down as the element becomes more distorted. To assure stability of time integration, the global
DYNA3D time step is theninimumof the At,,., values calculated for all elements in the model.
Using this option allows the selective deletion of elements whose time\stgp has fallen below
the specified minimum time steft.;; . Elements which are severely distorted often indicate that
material has failed and supports little load, but these same elements may have very small time steps
and therefore control the cost of the analysis. This option allows these highly distorted elements to
be deleted from the calculation, and therefore the analysis can proceed at a larger time step, and
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thus at a reduced cost. Deleted elements do not carry any load. Shell elements are deleted from all
applicable slide surface definitions. Solid elements are only deleted from SAND type slide
surfaces. Clearly, this option must be judiciously used to obtain accurate results at a minimum cost.
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Material Type 20 (Rigid)

Columns Quantity Format
1-10 Card 3 Young’s modulug, E10.0
1-10 Card 4 Poisson’s ratio, E10.0
1-10 Card 5 Rigid body constraint optidGOPT E10.0
EQ.0.0: Rigid body constraints found from nodal BC’s
EQ.1.0: Rigid body constraints input below

1-10 Card 6 Rigid body translational constraint flag E10.0
EQ.O: no constraints
EQ.1: constrained displacement
EQ.2: constraineg displacement
EQ.3: constrained displacement
EQ.4: constrained amgl displacements
EQ.5: constraineg and displacements
EQ.6: constrained and displacements
EQ.7: constrained y , and displacements

1-10 Card 7 Rigid body rotational constraint flag E10.0
EQ.O: no constraints
EQ.1: constrained rotation
EQ.2: constraineg rotation
EQ.3: constrained rotation
EQ.4: constrained angl rotations
EQ.5: constrainegg and rotations
EQ.6: constrained and rotations
EQ.7: constrained y , and rotations

Card 8 Blank

This material model is used for modeling a rigid body, and may be used with all element classes
(beams, shells, and solids). The rigid material provides an inexpensive method for modeling
portions of a structure that are much stiffer than the regions of interest or which experience negli-
gible deformations. For example, this approach may be used in many sheet metal forming
problems, where the punch and die are often effectively rigid. In addition, the rigid material is very
useful for debugging large models by making all materials rigid except the one of interest. This
procedure can quickly isolate an incorrect material definition, even in a large model with many
materials. The rigid material is considerably less expensive than any other material model, and may
be used in parts of a mesh to minimize costs in the early stages of model development.
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By default, rigid body constraints are automatically derived from the nodal boundary conditions
specified for nodes of a rigid body. If desired, constraints on the rigid body center-of-mass degrees
of freedom may be directly specified by settl@OPT = 1.0 on Card 5 and then giving the
appropriate translational and rotational constraint flags on Cards 6 and 7. These constraints
override constraints computed from nodal boundary condition data.

This material model was updated in 1997 and now employs the momentum and energy conserving
algorithm developed by Simo and Wong (1991). The finite deformation algorithm resolves
arbitrary amounts of displacements and rotations within a single time step while it conserves the
basic field quantities (energy, linear momentum, and angular momentum). When rotational
constraints are imposed, rotations about the constrained directions are prohibited, but small, finite-
deformation induced, instantaneous rotational velocities may arise. These non-zero rotational
velocities do not alter the imposed constraint and decrease in magnitude as the time-step size is
reduce. Furthermore, the development of large velocities in the constrained direction is an indicator
that the time-step size should be reduced.

Two unique rigid materials may not be adjacent in the mesh unless a slide surface is defined
between them (i.e., no one node may be used in the definition of two elements each of which use
a different material if both materials are defined as rigid). Separate rigid material definitions should
seldom be required for a single rigid body unless the mass density varies with position in the body.
Adjacent rigid materials must be merged to form one rigid body using the Rigid Body Merge
feature described in section 4.31 on page 384.

All elements which reference a given material number corresponding to the Rigid material must be
contiguous. Thus, if two disjoint groups of elements on opposite sides of a model are modeled as
rigid, separate material numbers should be created for each of the contiguous element groups. This
requirement arises from the fact that DYNA3D internally computes the six degrees-of-freedom for
each rigid body (rigid material or set of merged materials), and if disjoint groups of rigid elements
use the same material number, the resulting rigid body properties internally calculated by
DYNA3D may be inaccurate. This restriction should not pose an inconvenience is most models.

Inertial properties for rigid materials may be defined in either of two ways. By default, the inertial
properties are calculated from the geometry of the elements of the rigid material and the density
specified on the material control card. Alternatively, the inertial properties and initial velocity for
arigid body may be directly specified, and this overrides data calculated from the material property
definition and nodal initial velocity definitions.
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The material constanis amnd  are used for determining sliding interface parameters if the rigid
body interacts along sliding interfaces. Realistic values for these constants should be defined.
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Material Type 21 (Thermal Orthotropic Elastic)

Columns

1-10
11-20
21-30

1-10
11-20
21-30
31-40
41-50
51-60

1-10
11-20
21-30

1-10

Quantity Format
Card 3 Elastic modulug, (see Figure 1 and Figure 2) E10.0
Elastic modulusg, E10.0
Elastic modulusk, E10.0
Card 4 Poisson’s ratio,,, E10.0
Poisson’s ratioy., E10.0
Poisson’s ratioy., E10.0
Coefficient of thermal expansian, E10.0
Coefficient of thermal expansiam, E10.0
Coefficient of thermal expansiam, E10.0
Card 5 Shear moduluG,, E10.0
Shear modulus,, E10.0
Shear modulu&.,, E10.0
Card 6 Material axes definition option, AOPT E10.0
EQ.0.0: locally orthotropic with material axes determined by
element nodes;, n, ,amd as shown in Figure 1.
Cards 7 and 8 must be blank with this option.
EQ.1.0: locally orthotropic with material axes determined by a
point in spacé® and the global location of the element center,
as shown in Figure 1. Card 8 below is blank.
EQ.2.0: globally orthotropic with material axes determined by
vectors defined on Cards 7 and 8. (See Figure 2).
EQ.3.0: applicable to shell elements only. This option determines

locally orthotropic material axes by offsetting the material
axisa by an angl@ from aline in the plane of the

shell determined by taking the cross product of the vector
defined on Card 7 with the shell normal vector (See
Figure 2). The angl@ is defined on Card 8, and may be
overridden by specifying a value on the element card.
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Columns Quantity Format
1-10 Card 7 X, , define only if AOPT = 1.0 E10.0
11-20 Y, , define only if AOPT = 1.0 E10.0
21-30 zZ, , define only if AOPT = 1.0 E10.0
1-10 Card 7 a, , define only if AOPT = 2.0 E10.0
11-20 a, , define only if AOPT = 2.0 E10.0
21-30 a, , define only if AOPT = 2.0 E10.0
1-10 Card 7 v, , define only if AOPT = 3.0 E10.0
11-20 v, , define only if AOPT = 3.0 E10.0
21-30 v, , define only if AOPT = 3.0 E10.0
1-10 Card 8 d, , define only if AOPT = 2.0 E10.0
11-20 d, , define only if AOPT = 2.0 E10.0
21-30 d, , define only if AOPT = 2.0 E10.0
1-10 Card 8 Material angl@ , define only if AOPT=3.0 E10.0

(may be overridden on the element card)

The constitutive matriXC that relates increments in stress to increments in strain (in the global
coordinate system) is defined as:

C=T'CT, (105)

whereT is the transformation matrix between the local material coordinate system and the global
coordinate system, ard, is the constitutive matrix defined in terms of the material constants of
the local orthogonal material axasb , and

Note that symmetry of the elastic compliarZg implies

Var _ Voa Vea _ Vae o Ven — Vie
Ea Eb Ec a Ec Eb

Further, positive definiteness Gf  yields the following restrictions on the elastic constants:

(106)

1 1 1
< E, 2 - E. 2 q < E. 2
Vba LEJ » Vea LEa* , ana vy, LE*

C
b

(107)
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Nonphysical energy growth may occur in the solution if these restrictions on the elastic constants
are not observed.

In the chosen local coordinate system, the components of the elastic compliance matrix are given
by

1 Vpa Vea
E. E E 0O 0 O
Vabl Vcb
E. B E 0O 0 O
C = a bbb o . (108)
1
0O 0 O G 0O O
1
0O 0 O Oé—b—c 0
1
_O O 0 O OG—C%

Note that the values of Poisson’s ratio are defined as
__8]

i

(109)
whereg; is the strainin thg" directionaad is the strain inithe  direction in a uniaxial stress

test in theit" direction.

This model is similar to Material Type 2, but includes thermal strains. It is applicable to a variety
of orthotropic elastic materials such as fiber composites or textured materials.

Note that since temperatures are required to compute the thermal strains, the thermal effects option
on Control Card 6 must be nonzero.
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Material Type 22 (Fiber Composite with Damage)

Columns Quantity Format

1-10 Card 3 Elastic modulus in longitudinal directiég, E10.0
11-20 Elastic modulus in transverse directigp E10.0
21-30 Elastic modulus in normal directids, E10.0
31-40 Bulk modulus of failed materi#l; (solid elements only)  E10.0
41-50 Normal tensile strengtl, (solid elements only) E10.0
51-60 Transverse shear strend¥, (solid elements only) E10.0
61-70 Transverse shear strendh, (solid elements only) E10.0
71-80 Time step size for automatic element deletidg,, E10.0

(shell elements only)

1-10 Card 4 Poisson’s ratio,, E10.0
11-20 Poisson’s ratioy., E10.0
21-30 Poisson’s ratio), E10.0

1-10 Card 5 Shear modulug,, E10.0
11-20 Shear modulu&s,,. E10.0
21-30 Shear modulu$;.., E10.0

1-10 Card 6 Material axes definition option, AOPT E10.0

EQ.0.0: locally orthotropic with material axes determined by
element nodes; n, ,ang as shown in Figure 1.
Cards 7 and 8 are blank with this option.
EQ.1.0: locally orthotropic with material axes determined by a
point in spacd® and the global location of the element center,
as shown in Figure 1. Card 8 below is blank.
EQ.2.0: globally orthotropic with material axes determined by

vectors defined on Cards 7 and 8. (See Figure 2).
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Columns Quantity Format

EQ.3.0: applicable to shell elements only. This option determines
locally orthotropic material axes by offsetting the material
axisa by an angl@ from aline in the plane of the
shell determined by taking the cross product of the vector
defined on Card 7 with the shell normal vector (See
Figure 2). The angl@ is defined as described below for each
through-thickness integration point. In addition, a material angle
may be specified on each element card, and these values are added

11-20 Material axes change fleg brick elements only E10.0
EQ.1.0: default
EQ.2.0: switch material axes a and b
EQ.3.0: switch material axes a and c

1-10 Card 7 X, , define only if AOPT = 1.0 E10.0
11-20 Y, , define only if AOPT = 1.0 E10.0
21-30 z, , define only if AOPT = 1.0 E10.0

1-10 Card 7 a, , define only if AOPT = 2.0 E10.0
11-20 a, , define only if AOPT = 2.0 E10.0
21-30 a, , define only if AOPT = 2.0 E10.0

1-10 Card 7 v, , define only if AOPT = 3.0 E10.0
11-20 v, , define only if AOPT = 3.0 E10.0
21-30 v, , define only if AOPT = 3.0 E10.0

1-10 Card 8 d, , define only if AOPT = 2.0 E10.0
11-20 d, , define only if AOPT = 2.0 E10.0
21-30 d, , define only if AOPT = 2.0 E10.0
31-40 Shear strength anb- plarg, E10.0
41-50 Longitudinal tensile strength aloag axs, E10.0
51-60 Longitudinal tensile strength alohg aXs, E10.0
61-70 Transverse compressive strendth, E10.0
71-80 Nonlinear shear stress parameter, E10.0
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This material model allows a different fiber orientation to be specified at each through-thickness
integration point for shell elements. This capability may be combined with the User-Defined
Integration Rules option to accurately represent a general composite laminate.

Additional Material Type 22 Input For Shell Elements Only:

Define the material anglg for each of the through-the-thickness integration points for 4-node
shell elements. This data must follow the Cross Section Properties data on Card 11.

Columns Quantity Format
1-10 Material angle at first integration poift, E10.0
11-20 Material angle at second integration pdgat, E10.0
21-30 Material angle at third integration poifit, E10.0
71-80 Material angle at eighth integration pofsy, E10.0

Continue on additional cards until NIP points have been defined, where NIP is the number of
thickness integration points specified on Card 10 for shell elements. Material angle values may also
be specified on the element cards. The material angle used in the calculation is the sum of the value
specified above for each integration point and the value specified on the element card.

The formulation of this model is described by Chang and Chang (1987a, 1987b).

The material behavior produced by this model is approximately orthotropic elastic, with the
addition of a nonlinear shear stress term. A stress-based failure model is included to incorporate
the effects of fiber breakage, matrix cracking, matrix crushing, and delamination. The failure
criterion for fiber breakage is

2 + § 4
max0, 04,) N Oan + 200

X? s 30(82

<10 . (110)

€ =

Analogously, the criterion for matrix cracking is
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2 3 4
2 Ot =00y,
g, = M0 0w, = 4 " _gq (111)
Yt § + §CXS§
2G,, 4
The criterion to detect matrix crushing is
2 3 4
R 2 2 Oab + —0 0y
SRULLC T O L S T (112)

ey = - . S
48 tas; Ve S + :ZJ:O($

2(Bab
and, for solid elements only, the criterion to detect delamination is

2 2 2
_ max0,0%) | b, Oea_q o (113)

S Se S

When failure is detected, the appropriate stress components are reduced to zero linearly over the
next 100 time steps. This stress reduction function has been found useful to minimize spurious
oscillations, or ringing, caused by the abrupt release of energy at failure.

This model is applicable to laminated fiber composites. It includes the effects of directionality in
the material stress-strain response, and includes criteria to detect the major failure mechanisms in
laminated fiber composites.

Shell elements are rendered incapable of carrying load and eliminated from the calculation after
fiber breakage commences. Elements can also be eliminated after matrix cracking and/or matrix
crushing occurs by specifying negative values for either or both  Yand , respectively. When the
SAND database is activated (see Control Card 3 in section 4.1 on page 62), failed elements will
“disappear” during post-processing.

In addition to the above failure criteria, this model also supports a shell element deletion criterion
based on the maximum stable time step size for this eledgnt, . Gentrally, goes down
as the element becomes more distorted. To assure stability of the global time integration, the
DYNAS3D time step is theninimumof the At,,., values calculated for all elements in the model.
Using this option allows the selective deletion of elements whose time\dtep has fallen below
the specified minimum time stefdt.,; . If left unspecified, no elements are deleted based upon
their time step size.
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Material Type 23 (Thermal Orthotropic Elastic with Variable Properties)

Columns

1-10

11-20

21-30

1-10
11-20
21-30

1-10

1-10

1-10
11-20
21-30

1-10

Quantity Format

Card 3

Card 4

Card 5
Card 6

EQ.0.0:

EQ.1.0;

EQ.2.0:

EQ.3.0:

Card 7

Card 7

Number of points in material constant vs. temperature E10.0
curves,Nys , R<N,<48 )

Load curve number defining thermal radius
vs. time - define only for laser option. E10.0

Load curve number defining normalized thermal profile
vs. radius from spot center - define only for laser option. E10.0

Xs , Spot center - define only for laser option: E10.0

Ys , Spot center - define only for laser option: E10.0

Z , spot center - define only for laser option: E10.0
Blank E10.0
Material axes definition optioROP T E10.0

locally orthotropic with material axes determined by
element nodes; n, ,and as shown in Figure 1.
Cards 7 and 8 are blank with this option.

locally orthotropic with material axes determined by a
point in spacd® and the global location of the element center,
as shown in Figure 1. Card 8 below is blank.

globally orthotropic with material axes determined by
vectors defined on Cards 7 and 8. (See Figure 2).

applicable to shell elements only. This option determines
locally orthotropic material axes by offsetting the material
axisa by an angl@ from a line in the plane of the

shell determined by taking the cross product of the verctor
defined on Card 7 with the shell normal vector (See

Figure 2). The angl@ s defined for each through-thickness
integration point as described below. In addition, a material
angle may be specified on the element cards, and the sum
of these angles is used for computation.

» » define only if AOPT = 1.0 E10.0
Y, , define only if AOPT = 1.0 E10.0
z, , define only if AOPT = 1.0 E10.0
a, , define only if AOPT = 2.0 E10.0

X
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Columns Quantity Format
11-20 a, , define only if AOPT = 2.0 E10.0
21-30 a, , define only if AOPT = 2.0 E10.0

1-10 Card 7 v, , define only if AOPT = 3.0 E10.0
11-20 v, , define only if AOPT = 3.0 E10.0
21-30 v, , define only if AOPT = 3.0 E10.0

1-10 Card 8 d, , define only if AOPT = 2.0 E10.0
11-20 d, , define only if AOPT = 2.0 E10.0
21-30 d, , define only if AOPT = 2.0 E10.0

Define the following input card set for each of the 12 orthotropic material constants and the list of
corresponding temperatures using the format (8£10.0). For shell elements, this data must follow
the Cross Section Properties specified on cards 10 and 11. For solid elements, this data follows the
eight Material Cards described above.

Columns Quantity Format
1-10 Elastic modulug€, attemperature E10.0
11-20 Elastic modulug, attemperatdre E10.0
71-80 Elastic modulug, at temperatdrg E10.0

Continue with additional cards in this format umi,s points have been definég for . Then,
input definitions for the elastic moduli, ark] ,the Poisson’sratigsv.,, Mpnd ,the coeffi-
cients of thermal expansian, @, ,add ,the shear mdalyli G,., (:npd , and the list of
temperature¥ following the same format. In the above, subserifits , ¢ and denote the local
material axes.
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This model allows a different orientation to be specified at each through-thickness integration point
for shell elements. This capability may be combined with the User-Defined Integration Rules
option to accurately represent a general orthotropic elastic laminate.

Localized heating effects from point sources, such as lasers, can be modelled. The user must
specify the spot center and two load curves. The first load curve defines the radius of the thermal
zone verses time, while the second load curve gives the thermal variation within the zone verses
normalized radial distance from the spot center. The normalized radial distance is defined to be the
distance from the integration point to the spot center divided by the current radius of the thermal
zone.

The additional input required to specify fiber orientation for each integration point of a shell
element is described on the following page.
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Additional Material Type 23 Input For Shell Elements Only:

For shell elements only, define the material angle for each through-thickness integration point.

Columns Quantity Format
1-10 Material angle at first integration poift, E10.0
11-20 Material angle at second integration pdgat, E10.0
21-30 Material angle at third integration poifit, E10.0
71-80 Material angle at eighth integration pofsy, E10.0

For shell elements, continue on additional cards as necessary until NIP points have been defined,
where NIP is the number of thickness integration points specified on Card 10. Material angles may
also be specified on the element cards. The value used for computation is the sum of the material
angle specified by integration point above and the value specified on the element card.

For shell elements, plane stress conditions are assumed on each laminae, but transverse shear
stresses are included.

Since temperature dependent material properties are used, the thermal effects option on Control
Card 6 must be nonzero.

This material model is useful for studying the thermoelastic behavior of orthotropic materials,
including both homogeneous compositions and laminated materials such as fiber composites. It
allows the material orientation angle to be specified by integration point and by element for shell
elements, and by element for solid elements. This approach allows an accurate representation of
laminates where the orientation of the fibers varies between laminae. This capability is frequently
combined with user-defined integration rules for shell elements to define one integration point in
each lamina or set of lamina in a multi-layer composite structure.
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Material Type 24 (Rate-Dependent Tabular Isotropic Elastic-Plastic)

Columns Quantity Format
1-10 Card 3 Young’s modulug, E10.0
1-10 Card 4 Poisson’s ratio, E10.0
1-10 Card 5 Yield stress, E10.0
1-10 Card 6 Tangent modulus; E10.0

(not used if the stress-strain curve is defined below)
11-20 Effective plastic strain at failurg} E10.0
21-30 Time step size for automatic element deletidg,, E10.0
31-40 Load curve number to scale yield stress for E10.0

strain rate effects

41-50 Element deletion flag for plastic strain E10.0
EQ.0.0: No element removal upon failure
EQ.1.0: Element deleted wheéh = £}

1-80 Card 7 Tabulated effective plastic strain val@és, E10.0
(define up to 8 values)

1-80 Card 8 Corresponding tabulated yield stress vaiues, E10.0

This model yields rate-dependent elastoplastic material behavior. It is similar to Material Types 3,
12, and 19, but allows a general strain hardening law to be specified via tabulated data. In addition,
arbitrary rate dependence of the yield stress is incorporated via a load curve.

The yield condition can be written
@ = G—0,(E" ) , (114)
whereG isthe effective stressang  is the current yield stress, which may depend on the effective

plastic straire” and the current effective strain rate, .The effective stress is found from the devia-
toric stress tensa;  as

1

_ 3 2
o= LéSijJr . (115)

If a tabulated yield stress vs. effective plastic strain curve is not defined, then a linear hardening
law is used,

o, = O+ E,E", (116)
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wherea, isthe initial yield stress. The hardening modildys  represents the slope of the effective
stress vs. effective plastic strain curve, and the tangent moulus represents the slope of the
inelastic portion of the uniaxial stress vs. uniaxial strain curve. The hardening modulus can be
written in terms of the Young’s modulis  and the tangent modtius as
EE

&= EE

(117)

If a tabulated yield stress vs. effective plastic strain curve is defined, then the input value of the
tangent modulu&; is ignored and the current value of the effective plastic strain determines the
yield stress from the tabulated function.

If a nonzero load curve number is specified, this yield stress is multiplied by a scale factor from the
load curve based on the current effective strain gate, . The load curve should define a strain rate
scale factof as a function of strain rate . Thus, load curve points should be input as pairs of
effective strain rate and the corresponding yield scale faétof(é) ). A strain rate scale factor
of 1.0 would give no strain rate effect, and values greater than one give material strengthening
effects. The effective strain rate is defined as

1

- 2. . 2

€ = Léeij €y
wheree; isthe deviatoric strain rate tensor. If the load curve number is input as 0, then the constant
value specified in the input is used with no modification for strain rate effects.

(118)

This model also contains a failure criterion based on the total accumulated effective plastic strain,
£”. When the effective plastic strain exceeds the specified value for the effective plastic strain at
failure, €7 , failure is detected. (Failure is only active wiér 0 .) For shell elements, element
failure is assumed to occur when the effective plastic straith tirough-thickness integration
pointreaches! .Once anintegration point in a shell element fails, the effective plastic strain is set
to the failure valu&€! and the stresses are set to zero. The integration point remains failed
throughout the rest of the calculation. For solid elements failure is detected when the effective
plastic strain at the center of the element exceeds the critical value. When a solid element fails, the
yield stresso, and the hardening modulkls  are cut by a factor of 1000. Thus, the solid element
retains its hydrostatic strength even after failure has occurred. The effective plastic strain may reach
large values using this formulation. Both element types can be removed from the calculation upon
failure by prescribing a non-zero deletion flag.
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In addition to the above failure criterion, this model also supports a element deletion criterion based
on the maximum stable time step size for this elenf&nt,, . Gendxglly, goes down as the
element becomes more distorted. To assure stability of the global time integration, the DYNA3D
time step is theninimumof the At,,., values calculated for all elements in the model. Using this
option allows the selective deletion of elements whose time/siep has fallen below the
specified minimum time ste@t.;; . Non-zero values override any global or material specified
time-step size element deletion criteria.

Elements which are severely distorted often indicate that material has failed and supports little
load, but these same elements may have very small time steps and therefore control the cost of the
analysis. This option allows these highly distorted elements to be deleted from the calculation, and
therefore the analysis can proceed at a larger time step, and thus at areduced cost. Deleted elements
do not carry any load, and are deleted from all applicable slide surface definitions. Clearly, this
option must be judiciously used to obtain accurate results at a minimum cost.
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Material Type 25 (Extended Two Invariant Geologic Cap)

Columns

1-10
11-20
1-10
11-20
21-30
31-40
41-50
1-10
11-20
21-30
31-40
41-50
1-10

1-10

11-20

1-10

Quantity Format
Card 3 Initial bulk modulus E10.0
Initial shear modulu& E10.0
Card 4 Failure envelope parameter, E10.0
Failure envelope linear coefficieft, E10.0
Failure envelope exponential coefficignt, E10.0
Failure envelope exponefit, E10.0
Cap surface axis ratiR, E10.0
Card 5 Hardening law exponebt, E10.0
Hardening law coefficienty E10.0
Hardening law parametex, E10.0
Kinematic hardening coefficierat, E10.0
Kinematic hardening parametsr, E10.0
Card 6 Plot database fld§,LOT E10.0
EQ.1.0: Hardening variable,
EQ.2.0: Cap J, axis intercepX(K)
EQ.3.0: Volumetric plastic strairs,
EQ.4.0: First stress invariant,
EQ.5.0: Second stress invariagifi,p
EQ.6.0: Not used
EQ.7.0: Not used
EQ.8.0: Response mode number
EQ.9.0: Number of iterations
Card 7 Soil typdtype E10.0
EQ.1.0: Soil
EQ.1.0: Rock
Vectorization flaglVEC E10.0
EQ.0.0: Vectorized (fixed number of iterations)
EQ.1.0: Fully iterative
Card 8 Tension cutoff, <0  (positive in compression) E10.0
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This implementation of an extended two invariant cap model was developed by Whirley and
Engelmann (1992) based on the formulations of Simo, Ju, Pister, and Taylor (1988), Simo, Ju, and
Taylor (1990), and Sandler and Rubin, (1979). In this model, the two invariant cap theory is
extended to include nonlinear kinematic hardening as suggested in (Isenberg, Vaughn, and Sandler,
1978). A brief discussion of the extended cap model and its parameters is given below.

7= A
Y20 JIop = Fe
JI2p = Fe

\
f :
1 \
J, = T f : fs
3 E
1 »J
T K X(K) 1
Figure 13
The yield surfaces of the two invariant cap modeldg, J, - space. Suiface s the failure

envelope,f, isthe cap surface, ahd s the tension cutoff.

The cap model is formulated in terms of the invariants of the stress tensor. The square root of the
second invariant of the deviatoric stress tengd; , Is found from the deviatoric stresses as

/1
Nd2p = ésijsij (119)

and is an objective scalar measure of the distortional or shearing stress. The first invariant of the
stressJ, , is simply the sum of the normal stresses, or equivalently, three times the pressure.

The cap model consists of three surfacegdn, J, -  space, as shown in Figure 13. First, there is
a failure envelope surface, denofed in the figure. The functional fofm of is
fl = ‘JZD_min( Fe(Jl)1 Tmiseg) ’ (120)

whereF. is given by

Fe(J1) =a —yexp(—BJ;) +6J, (121)
and T ises= | X(K,) —L(K,)| . This failure envelope surface is fixed/ih, J.- space, and
therefore does not harden, unless kinematic hardening is present. Next, there is a cap surface,
denoted , in the figure, with, given by

f, = JIap—Fc(Jy, K), (122)
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whereF. is defined by

1
Fe(J, K)EﬁJ[X(K)—L(l<)]2—[J1—L(I<)]2 : (123)
X(K) is the intersection of the cap surface withdhpe  axis,
X(K) = K+ RF(K) , (124)
and L(k) is defined by
K if k>0
L(K) = : (125)
0if k<O

The hardening parameter is related to the plastic volume clgdnge  through the hardening law

g, = W{l-expg—D( XK)-Xy)I} . (126)
Geometricallyk isseeninthefigureasthe coordinate of the intersection of the cap surface and
the failure surface. Finally, there is the tension cutoff surface, defigted  in the figure. The
function f; is given by

f;=T-J, (227)

whereT is an input material parameter which specifies the maximum hydrostatic tension
sustainable by the material. The elastic domaig/la, J, -  space is then bounded by the failure
envelope surface above, the tension cutoff surface on the left, and the cap surface on the right.

An additive decomposition of the strain into elastic and plastic parts is assumed:

e =e+e’, (128)
wheree® isthe elastic strainamd  is the plastic strain. Stress is found from the elastic strain using
Hooke’s law,

s = C(e-¢), (129)
wheres is the stress aftl  is the elastic constitutive tensor.

The yield condition may be written

fi(s)<0
fo(s,k)<0Q (130)
fs(s)<0
and the plastic consistency condition requires that
).\kfk =0
. k=123, (131)
A=0
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where) isthe plastic consistency parameter for sutttacef , 410 JXgen 0 and the response
is elastic. Iff >0, then surfade is active and s found from the requiremerit thad

Associated plastic flow is assumed, so using Koiter’s flow rule the plastic strain rate is given as the
sum of contributions from all of the active surfaces,

> . of
eP = Z)‘k‘agk- (132)
k

=1

One of the major advantages of the cap model over other classical pressure-dependent plasticity
models is the ability to control the amount of dilatency produced under shear loading. Dilatency is
produced under shear loading as a result of the yield surface having a positive dibge idy -
space, so the assumption of plastic flow in the direction normal to the yield surface produces a
plastic strain rate vector that has a component in the volumetric (hydrostatic) direction (see Figure
13). In models such as the Drucker-Prager and Mohr-Coulomb, this dilatency continues as long as
shear loads are applied, and in many cases produces far more dilatency than is experimentally
observed in material tests. In the cap model, when the failure surface is active, dilatency is
produced just as with the Drucker-Prager and Mohr-Coulomb models. However, the hardening law
permits the cap surface to contract until the cap intersects the failure envelope at the stress point,
and the cap remains at that point. The local normal to the yield surface is now vertical, and therefore
the normality rule assures that no further plastic volumetric strain (dilatency) is created.
Adjustment of the parameters that control the rate of cap contraction permits experimentally
observed amounts of dilatency to be incorporated into the cap model, thus producing a constitutive
law which better represents the physics to be modeled.

Another advantage of the cap model over other models such as the Drucker-Prager and Mohr-
Coulomb is the ability to model plastic compaction. In these models all purely volumetric response
is elastic. In the cap model, volumetric response is elastic until the stress point hits the cap surface.
Thereatfter, plastic volumetric strain (compaction) is generated at a rate controlled by the hardening
law. Thus, in addition to controlling the amount of dilatency, the introduction of the cap surface
adds another experimentally observed response characteristic of geological materials into the
model.

The inclusion of kinematic hardening will result in hysteretic energy dissipation under cyclic
loading conditions. Following the approach of (Isenberg, Vaughn, and Sandler, 1978), a nonlinear
kinematic hardening law is used for the failure envelope surface when nonzero vatues o and
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are specified. In this case, the failure envelope surface is replaced by a family of yield surfaces
bounded by an initial yield surface and a limiting failure envelope surface. Thus, the shape of the
yield surfaces described above remains unchanged, but they may translate in a plane orthogonal to
the J, axis.

Translation of the yield surfaces is permitted through the introduction of a “back stress” @nsor,
The formulation including kinematic hardening is obtained by replacing the stress  with the
translated stress tensb=s —a in all of the above equations. The history #&nsor  is assumed
deviatoric, and therefore has only 5 unique components. The evolution of the back stress tensor is
governed by the nonlinear hardening law

a = tF(s,a)é", (133)
wheret is a constarf, is a scalar functiosof and @ind s the rate of deviatoric plastic
strain. The constai@t may be estimated from the slope of the shear stress - plastic shear strain curve
at low levels of shear stress.

The functionF is defined as

F= maxLO, 1—%,‘ ,
whereN is a constant defining the size of the yield surface. The valde of may be interpreted as
the radial distance between the outside of the initial yield surface and the inside of the limit surface.
In order for the limit surface of the kinematic hardening cap model to correspond with the failure
envelope surface of the standard cap model, the scalar parameter must be replaced Mith
in the definition ofF, .

(134)

The cap model contains a number of parameters which must be chosen to represent a particular
material, and are generally based on experimental data. The paramefer® , y ,and areusually
evaluated by fitting a curve through failure data taken from a set of triaxial compression tests. The
parameterSV. D , and, define the cap hardening law. The vallde of  represents the void
fraction of the uncompressed sample &d governs the slope of the initial loading curve in hydro-
static compression. The valuelRf is the ratio of major to minor axes of the quarter ellipse defining
the cap surface. Additional details and guidelines for fitting the cap model to experimental data are
found in (Chen and Baladi, 1985).
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This model represents a new implementation of the two-invariant cap model into DYNA3D. This
version is highly vectorized and more reliable than the experimental implementation available in
previous releases. In addition, this new implementation incorporates nonlinear kinematic
hardening to model cyclic energy dissipation due to shear hysteresis.
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Material Type 26 (Metallic Honeycomb)

Columns Quantity Format
1-10 Card 3 Young’s modulus for fully compacted mategal, E10.0
11-20 Poisson’s ratio for fully compacted matenal, E10.0
21-30 Yield stress for fully compacted materiay, E10.0
31-40 Load curve number far,, .., VS. relative volume E10.0
41-50 Load curve number far,, ..«  VS. relative volume E10.0
51-60 Load curve number far....« VS. relative volume E10.0
61-70 Load curve number f@.pmax  Gpemax - @Nd E10.0
Ocamax VS. relative volumé/
71-80 Relative volume at full compactiow,;, E10.0
1-10 Card 4 Initial elastic modulug, E10.0
11-20 Initial elastic modulusg, E10.0
21-30 Initial elastic modulug, E10.0
31-40 Initial shear modulu$,, E10.0
41-50 Initial shear modulu$,. E10.0
51-60 Initial shear modulu$.,, E10.0
Card 5 Blank
Card 6 Blank
Card 7 Blank
Card 8 Blank

This model is an empirically based formulation for the representation of crushable metallic
honeycomb materials, but it may be applicable to other materials as well. The initial behavior is
orthotropic elastic with the Poisson’s ratios equal to zero. Thus, the components of stress are
uncoupled (i.e., an -direction component of strain generates oy an -direction component of
stress, and the other stress components are unaffected). As volumetric compaction occurs, the
directional elastic moduli vary linearly from their initial values to the fully compacted v&due, . In
the partially compacted states, the stress components are limited by the maximum values at the
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current relative volum¥  as specified on load curves. When full compaction is reached, the
material behavior becomes isotropically elastic-plastic with no strain hardening. Additional details
on the implementation of this model are given below.

The metallic honeycomb model is predicated on the observation that honeycomb materials
markedly change their behavior as a function of volumetric crushing (compaction). Compaction is
measured analytically by the relative volume defined by

v = Yewrent _ qoypy, (135)
initial
whereF is the deformation gradient. Note that for an expanded material and for a
compacted materidl <1 . The relative volume at which full compaction is achiéygd, , s

specified as an input parameter. In this model, compaction is measured as the minimum relative
volume ever achieved by a given element over the history of the deformation. Thus, once an
element begins compacting, it never loses its compaction. This is in accordance with physical
observations.

For partially compacted states, a maximum stress magnitude may be specified for each component
(Oaamax» Obbmaxs Ocemax » @NA 04, max ) @S @ function of relative volume, using a load curve. In order

to allow a vectorized interpolation scheme for good performahisaequired that each load curve

used for this model must have the same number of points and exactly the same abscissa (relative
volume) pointsThe first point in each load curve should correspond to a relative volume slightly
less than the minimum relative volume for fully compacted mate¥ia, . The load curves define
the maximum stress magnitude that each component is permitted to bear at a specific relative
volume anchot the stress-strain relationshifm general, 0,,.(V = 1) >0 . If load curves for

Obbmax» Ocemaxs @Nd0qpmax  @re not specified, then the load curve defioing.. vS. relative
volume is used automatically.

The constitutive equation used for materials in the initial or expanded configurations is direc-
tionally elastic with the components of stress uncoupled. Thebbdal , ¢and axesarefoundfrom
the local node numbers defining the solid element, as shown in Figure 14. First, the local axis is
found from the cross product of the two diagonals of the lower surface of the solid element (i.e.,
the surface bounded by nodes n,, n;, ,apd ). Next, atemporarydocal axis is constructed
as avector fromnode; tonodeg ,andtheldzal axisis found by crossirg the axis with the
a axis. Finally, the locah axis is constructed by modifyingahe  axis to be mutually perpen-
dicular to the other two local axes. The resulting local coordinate system is also shown in Figure 14.
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For partially compacted stateg (i, <V <1 ), atrial elastic stress is first computed using direc-
tionally elastic moduli. These moduli are linearly interpolated based on the current relative volume
between the input initial directional values and the isotropic values of Young's mé&dulus and
Poisson’srativ aV¥ = V., .Next, the limiting stress magnitudes are found for each component
at the current relative volume by interpolation from the specified load curves. If the trial stress
component is smaller in magnitude than this limiting value, then the trial stress component
becomes the final stress component. If the magnitude of the trial stress component exceeds the
limiting value, then the stress component is scaled back to this limiting value.

Figure 14
Material axes definition for metallic honeycomb model.

Once the material becomes fully compactéd< V.., ), it is modeled as isotropically elastic
perfectly-plastic with a yield stress of, . The behavior remains elastic-plastic for the remainder
of the calculation, even if the element subsequently goes into tension.

When large volumetric changes occur, the bulk viscosity can corrupt the calculation by artificially
increasing the “internal element pressure” and dissipating excessive amounts of energy, i.e. many
times more than is dissipated by the constitutive relationships. Consequently, it is recommended
that when a material is going to be substantially compacted that both hourglass viscosities be
decreased or set essentially to zero, Bxg.0"° , for that material.

184



DYNAS3D User Manual MATERIALS

Material Type 27 (Compressible Mooney-Rivlin Hyperelastic Rubber)

Columns Quantity Format
1-10 Card 3 First invariant coefficiers, E10.0
11-20 Second invariant coefficief, E10.0
21-30 Poisson’s ratioy 0(48<v <0.50 ) E10.0
Card 4 Blank
Card 8 Blank

The strain energy density function is defined as:

W = A(l;,-3)+B(l,-3) +C(l;°=1) +D(l;—1)* , (136)
where
C = %A+ B, (137)
_ A(5v-2)+B(11v -5)
D = 5= , (138)

v is Poisson’sratio,antl, |, ,and are the invariants of the right Cauchy-Green t€nsor, .The
right Cauchy-Green tensor is found from the deformation graflient  using

C = F'F, (139)
or from the Green-Lagrange str&n  using
C=2E+I, (140)

wherel is the identity two-tensor. For small deformations, the shear modulus of linear elasticity
G is given by
G =2(A+B). (141)

Poisson’s ratio should be chosen such thdB< v <0.50 , yielding a slightly compressible hyper-
elastic material.

This is a hyperelastic model and is often used to represent the behavior of rubber-like materials at
moderate to large strains. Other rubber models include Material Type 7, the Blatz-Ko model, and
Material Type 31, the Frazer-Nash rubber model.
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The DYNA3D implementation of this model was developed by Brad Maker.
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Material Type 28 (Resultant Plasticity)

Columns Quantity Format
1-10 Card 3 Young’s modulug, E10.0
1-10 Card 4 Poisson’s ratio, E10.0
1-10 Card 5 Yield stress, E10.0
1-10 Card 6 Hardening modulus;  (shells only) E10.0
1-10 Card 7 Blank
1-10 Card 8 Blank

This model is formulated in terms of resultant quantities for structural elements, aadabla

for the Belytschko-Schwer beam and the Belytschko-Tsay shell elementsiarilyer DYNA3D
material models for structural elements relate stresses directly to strains, and numerical integration
is performed over the beam or shell element cross section to calculate the resultant forces and
moments. Formulating the material model directly in terms of resultants yields some improve-
ments in speed, but sacrifices accuracy when the material behavior becomes plastic (Whirley,
1990). Therefore, this model is primarily useful for scoping calculations where precise results are
not required. For more accurate results, the use of Material Type 3 or 12 is recommended.

The lllyushin yield criterion is used as described in (Kennedy, Belytschko, and Lin, 1986). For
beams, the behavior is elastic-perfectly plastic. For shell elements, an approximation to isotropic
hardening has been incorporated.
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Material Type 29 (Mechanical-Threshold-Stress Model)

Columns Quantity Format
1-10 Card 3 Dislocation interaction - long-range barriers, SIGH E10.0
11-20 Dislocation interaction - interstitial atoms, SIGI) E10.0
21-30 Dislocation interaction - solute atorf®,; SIGS) E10.0
31-40 Initial flow stressg IGO E10.0
41-50 First dislocation generation constamt, HFQ) E10.0
51-60 Second dislocation generation constantHF1j E10.0
61-70 Third dislocation generation constamt, HFR) E10.0
71-80 Saturation threshold stress at @R, SIGS0) E10.0
1-10 Card 4 Reference strain rate, EDOTSOR) E10.0
11-20 Magnitude of Burger’s vectds, BURG E10.0
21-30 Material constanfA CAPA E10.0
31-40 Boltzmann’s constark, BOLT2 E10.0
41-50 Shear modulus at 0K, SKO E10.0
51-60 First shear modulus constant, SMJ) E10.0
61-70 Second shear modulus constant,SM2 E10.0
71-80 Reference strain ratg, LNEDO E10.0
1-10 Card 5 Normalized activation energy for a dislocation/dislocation
interaction,G, GOR E10.0
11-20 Material constant,/ p P{NV) E10.0
21-30 Material constant,/q QINV) E10.0
31-40 Reference strain ratg,; LNEDI) E10.0
41-50 Normalized activation energy for a dislocation/interstitial
interaction,G,; GOIR) E10.0
51-60 Material constant,/ p; P{NVI) E10.0
61-70 Material constant,/q; QINVI) E10.0
71-80 Reference strain ratg,; LNED9 E10.0
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1-10 Card 6 Normalized activation energy for a dislocation/solute
interaction,G, s GOSR E10.0
11-20 Material constant,/ ps P(NV9 E10.0
21-30 Material constant,/gq; QINVS E10.0
31-40 Density-heat capacity produpC, RHOCPR E10.0
41-50 Reference or room temperatufe, TEMPRB E10.0
Card 7 Blank E10.0
Card 8 Blank E10.0

The general form of the MTS model is given here and is discussed in detail in Maudlin, Davidson,
and Henninger (1990). Forms for most other material can be obtained through simplification of the
following equations. The flow stress  is given by

G —~ — ~ ~
0= 5(0a*+5y0 +540i +54s05) (142)
[0}
The first product in the equation far ~ contains a micro-structure evolution variable, |, called the

mechanical threshold stress, that is multiplied by a constant-structure deformation &yiable
Heres,, is a function of absolute temperatdte  and plastic strairefate . The evolution equation
for ‘o is a differential hardening law representing dislocation-dislocation interaction given by

0o _ 60[1—-‘-’-] (143)
dc’ T s
Here©, represents hardening due to dislocation generation and the stress ratio represents
softening due to dislocation recovery. The threshold stress at zero strain-hardeiing, , is called
the saturation threshold stress. Relationship©for “@nd are expressed as
@0 = 8, +auIN(E") + /" (144)
and
kT
~ _ =~ &P oA
0.=70 Sy (145)
The shear modulu&  explicitly depends upon temperature, and is assumed to have the form
_ b,
G = by— . (146)
-1
For thermal-activation controlled deformatia, s, . and have Arrhenius rate equations
given by
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kTIn(&,/€7) YVP
Sih = |:1_L#+ :| ) (147)
KTIn(g,/€7) V@YD
" [1_L_Ea_(§§_~_)* ] (148)
and
KTIn(g,/€7) Y (@979
" [11#" } | (149)

The material temperaturg, is integrated in time assuming adiabatic conditions and is given by
Ef

1
- T+ _ 1
T="T+ pCp{Gds (150)

Based upon the particular material, only a subset of the above mechanisms may be present.
Maudlin, Davidson, and Henninger (1990) summarize the appropriate equations for copper, Ti-
6Al-4V, and depleted -uranium.

This material model was implemented and contributed to LLNL by John R. Baumgardner of the
Los Alamos National Laboratory.
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Material Type 30 (Closed-Form Update Elastic-Plastic for Shells)

Columns Quantity Format
1-10 Card 3 Young’s modulug, E10.0
1-10 Card 4 Poisson’s ratio, E10.0
1-10 Card 5 Yield stressy, E10.0
1-10 Card 6 Tangent modulus; E10.0

Card 7 Blank
Card 8 Blank

This model implements a closed form solution for the plane stress constitutive update under condi-
tions of perfect plasticity or kinematic hardening for a bilinear von Mises model. Thus, this model
yields exactly the same behavior as Material Type 3 @ith 0.0 (i.e., purely kinematic
hardening). The only difference between Material Type 3 and Material Type 30 lies in the
numerical algorithms used to integrate the rate equations of plasticity under conditions of plane
stress, as found in shell elements. The numerical implementation of Material Type 30 is described
in (Whirley, Hallquist, and Goudreau, 1988).

The details of the constitutive equations and the resulting stress-strain behavior are discussed in the
definition of Material Type 3.
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Material Type 31 (Frazer-Nash Hyperelastic Rubber)

Columns Quantity Format
1-10 Card 3 First strain energy density coeffici€y,, E10.0
11-20 Second strain energy density coeffici€it, E10.0
21-30 Third strain energy density coefficie@ty,, E10.0
31-40 Fourth strain energy density coefficiedty, E10.0
41-50 Fifth strain energy density coefficieBt,, E10.0
1-10 Card 4 Sixth strain energy density coeffici€ht, E10.0
11-20 Seventh strain energy density coeffici€n, E10.0
21-30 Eighth strain energy density coefficiedi;, E10.0
31-40 Ninth strain energy density coefficie@ty, E10.0
41-50 Tenth strain energy density coefficigbiy, E10.0
1-10 Card 5 Strain limit optionlLIMIT E10.0

EQ.0.0: stop if strain limits are exceeded
EQ.1.0: continue if strain limits are exceeded

1-10 Card 6 Maximum strain limi&,, ., E10.0
11-20 Minimum strain limitE,;, E10.0
Card 7 Blank
Card 8 Blank

This model implements a hyperelastic constitutive law described in (Kenchington, 1988). It is
useful for representing the behavior of rubber-like materials at moderate to large strains. Other
hyperelastic models include Material Type 7 (Blatz-Ko) and Material Type 27 (Compressible
Mooney Rivlin).

The strain energy density function is of the form
N = Ciool 1 + Caool 1 + Caool 1 + Caool 1
+Cool 2 + Cozol 2 + Cusol 1l + Canol 112 (151)
+COOlI 3 + C101| 1| 3
wherel, ,I, ,and; are the strain invariants defined in terms of engineering components of the
Green-Lagrange strain tendér by
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I, = B+ Ep+ Egs, (152)
1
I, = (EnEo+ EjiEss + ExEgs) — Z(Efz +E% +E3), (153)
and
— 1 1 2 2 2
I3 = LE11E22E33 + ZE12E23E31| _Z_(EllEZS + E;Ef + ExER) . (154)

The second Piola-Kirchhoff stre§s is found by differentiating the strain energy density function
W with respect to the Green-Lagrange strain,

_ oW
T = 3E - (155)
The Cauchy stress  is then found from the second Piola-Kirchhoff stress using
s = %FTFT, (156)

whereF is the deformation gradient ahd s its determinant.

The values ofthe te@ coefficients in the strain energy density function must be determined from
experimental data on the material. A procedure is described in (Kenchington, 1988) to determine
these parameters using data from a uniaxial stress test, a biaxial stress or strain test, and a shear test.

The model input includes a maximum strain liridt,,, , @ minimum strain li&it, , and a strain
limit option flag, ILIMIT . This feature is particularly useful if the model has been fitted to data
only over a limited range, and therefore caution should be exercised if strains outside this range are
encountered. At each step, the maximum and minimum normal strains are tested against the limit
criteria. If the maximum normal strain is greater ti&an, or the minimum normal strain is less
thanE,,, , then a message is written to the screerhapdprintout file, and execution terminates

if ILIMIT = 0 orcontinuesiflLIMIT =1 .
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Material Type 32 (Ramberg-Osgood Elastic-Plastic)

Columns Quantity Format
1-10 Card 3 Reference shear straip, E10.0
1-10 Card 4 Reference shear strass, E10.0
1-10 Card 5 Stress coefficiemnt, E10.0
1-10 Card 6 Stress exponent, E10.0
1-10 Card 7 Bulk moduluk

Card 8 Blank

The Ramberg-Osgood equation is an empirical constitutive relation to represent the one-dimen-
sional elastic-plastic behavior of many materials. This implementation of the model was developed
by Whirley and Engelmann, and allows a simple rate-independent representation of the hysteretic
energy dissipation observed in materials subjected to cyclic shear deformation. For monotonic
loading, the stress-strain relationship is given by

Y - TialT]" i vso 157
AR y : (157)
Y - X 42" i v<o 158
ks L (158)

wherey is the shear strainamnd is the stress. The model approaches perfect plasticity as the stress
exponent — o . These equations must be augmented to correctly model unloading and reloading
material behavior. The first load reversal is detectegyby 0 . After the first reversal, the stress-
strain relationship is modified to

r

Y—Yo _ T—Ty T1—Tp .
2y, = o1, oy o1, if y>0 , (159)
Y—Yo_ T-To_o Do=T " 4 y<o | (160)

_u —

2y, 2t, tor,t

wherey, andr, representthe values of strain and stress at the point of load reversal. Subsequent
load reversals are detected lfy —y,)y <0
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The Ramberg-Osgood equations are inherently one-dimensional, and are assumed to apply to shear

components. To generalize this theory to the multidimensional case, it is assumed that each

component of the deviatoric stress and deviatoric tensorial strain is independently related by the

one-dimensional stress-strain equations. A projection is used to map the result back into deviatoric

stress space, if required. The volumetric behavior is elastic, and therefore the ppessure is found by
p = —Key, (161)

whereg,, is the volumetric strain.

This model is primarily intended as a simple model for shear behavior, as is often used in seismic
analysis.
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Material Type 33 (General Anisotropic Elastic-Plastic)

Columns

1-10
11-20
21-30
31-40
41-50
51-60
61-70
71-80

1-10
11-20
21-30
31-40

1-10
11-20
21-30
31-40
41-50
51-60
61-70
71-80

1-10
11-20
21-30
31-40

1-10

1-10

Quantity Format
Card 3 Elastic modulug, E10.0
Elastic modulugs, E10.0
Elastic modulug, E10.0
Anisotropy coefficienR (1948 Hill theory) E10.0
Anisotropy coefficien® E10.0
Anisotropy coefficieniQy. E10.0
Anisotropy coefficienQ,, E10.0
Anisotropy coefficienQ,. E10.0
Card 4 Poisson’s ratio,, E10.0
Poisson’s ratioy., E10.0
Poisson’s ratioy., E10.0
Material axes optiotAROPT E10.0
Card 5 Yield stress im -directioa,, E10.0
Material angle3 E10.0
X, forAOPT = 1 ora, forAOPT = 2 E10.0
y, forAOPT = 1 ora, forAOPT = 2 E10.0
z, forAOPT = 1 ora, forAOPT = 2 E10.0
d, forAOPT = 2 orv, forAOPT = 3 E10.0
d, forAOPT = 2 orv, forAOPT = 3 E10.0
d, forAOPT = 2 orv, forAOPT = 3 E10.0
Card 6 Hardening modulusan -directiés, E10.0
Shear modulu,,. E10.0
Shear modulu§,, E10.0
Shear modulu§,, E10.0
Card 7 Blank
Card 8 Blank
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This model combines the orthotropic elasticity of Material Type 2 with the 1948 Hill orthotropic
plasticity model described in (Hill, 1950). The numerical implementation at present is described in
(Logan, 1988). This approach is based on a straightforward substepping method described in
(Bathe, 1982) and elsewhere. It is most convenient to chose a reference direction when using the
1948 Hill theory, and in this model tlze -direction is chosen.

The elastic parameters and material axes definition opt@OR T are specified as described for
the Orthotropic Elastic model, Material Type 2

This model include linear strain hardening. The linear strain hardening law has the form
0, = 0o+ E.EP, (162)

where the effective plastic stragf  is given by
t

gr = [deP, (163)
|

and the increment in effective plastic straier is found from the incremental plastic strain tensor
dep as

_ R+1 R+ 17(dyg.)?  (dyB,)?  (dyh.)?
(dEP)? = (1+R+P)2R[A+ B+ C]+ . |:( VL% ) +( YMb) +( VN ):| (164)
where
A = P((1+R)dep + Rdep)?
B = R((1+P)dep + Pdep)2. (165)

C = (RckP,— Pdep)?

This expression evolves directly from the use of the effective stress in the 1948 Hill theory. Using
the conventional variablds G H L, M ,ahd for clarity, the effective stress may be written as

52 = F(0c=0)"+G(0,=0a)? + H(0,=0,)* + D

1
R+1 ’ (166)
where
D = 2Lo2. +2M0o3, + 2NOg.. (167)
In the above equationB, G , ahld are found in terms of the anisotropy parafeter® and as
R
F== 1
A3 (168)
G =1, (169)

and
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H = R. (170)
The shearterms M ,amdl are found using
L =, Quet % (R+2) (17)
M = LQba+%*(R+ 2), (172)
N =, Q.+ %} Z+1) . (173)

The anisotropy parametels P, Q. Q,. , aQd can be determined from simple uniaxial
material tension tests in orthogonal directions. Using the local coordinate system defined above,

R= & (174)
&p

whereg, anc, are the transverse strains measured in a uniaxial tension teat in the -direction.
Similarly,

p==e (175)
€
in a uniaxial tension test in tlee  -direction. In thec - plane, the shear@rm is found from
[
Qe = =~ (176)

in a uniaxial tension test in the"  direction. Tihié atid axes are defined by rotating the
andc axes by 45 degrees counterclockwise irbttee - plane. Similarly, an the - plane,

Epy

Qua = (77)
for a uniaxial test in th@" direction, where it did  axes are rotated 45 degrees counter-
clockwise in thea b plane. In th@ c- plane, the shear t€m is found from
Qe = = (178)
&

in a uniaxial tension testinth@  direction, where the and axes are defined by rotating the
andc axes counterclockwise by 45 degrees iratlee - plane.

In the present model, only isotropic strain hardening is includedaThe -direction hardening
modulusE3 can be written in terms of the -direction tangent modiflus  as

(179)

198



DYNAS3D User Manual MATERIALS

whereE, isthe elastic modulus in the -direction. The plastic hardening moBglus is the slope
of the stress vglasticstrain curve in a uniaxial stress test, and the tangent mo#ilus  is the slope
of the inelastic portion of a uniaxial stress vs. strain curve.
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Material Type 34 (Normal Anisotropic Elastic-Plastic for Shells)

Columns Quantity Format
1-10 Card 3 Young’s modulug, E10.0
1-10 Card 4 Poisson’s ratio, E10.0
1-10 Card 5 Yield stressy, E10.0
1-10 Card 6 Tangent modulus; E10.0
1-10 Card 7 Anisotropy paramet®,

Card 8 Blank

This model incorporates a version of Hill's model of anisotropic plasticity adapted for shell
elements. The numerical algorithms used in this implementation are described in Whirley and
Engelmann (1991). The yield criterion used in this model is specialized to normal anisotropy,
where the properties do not vary with direction in the plane of the shell, but the transverse direction
may have different properties. The anisotropy paranfeter is the ratio of the in-plane plastic strain
rate to the out-of-plane plastic strain rate. It can also be shown that

R = K%—l, (180)

whereK = 22 s the ratio of the in-plane initial yield stress to the initial yield stress in the trans-

Oo3
verse (through-thickness) direction. Note that the model reverts to isotropically elastic-plastic
whenR = 1.

Using the assumption of plane stress on each lamina of the shell, the yield function may be written
1
2R 2R+1 72
F(oy) = |:0f1 +0%,— monozz + zmofz} ’ (181)
whereg;; denotes Cauchy stress in the local coordinates of the shell. Isotropic strain hardening is
included, with the in-plane yield stresg ~ found from

0, = 0+ E,E", (182)
whereE, is the plastic hardening modulus ahd s the effective plastic strain. The plastic

hardening modulus is found from the input values of Young’s modhilus and the tangent modulus
E; using
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EE
£, = e
The plastic hardening modulls,  is the slope of the inelastic portion of the effectivestress  vs.
effective plastic strairg” curve, and the tangent modiys s the slope of the inelastic part of a
uniaxial stress vs. strain curve (or equivalently, the effective stress vs. effective strain curve).

(183)

Normal anisotropic plasticity behavior arises in many metals used in sheet-forming operations.
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Material Type 35 (Elastic-Plastic with Forming Limit Diagram)

Columns

1-10
11-20
1-10
11-20
21-30
31-40
41-50
51-60
1-10
11-20
1-10
11-20
1-10
11-20

71-80
1-10

71-80

Quantity

Format

Card 3

Card 4

Card 5

Card 6

Card 7

Card 8

Young’s modulug,

Forming Limit Failure Criterion OptiohiLD
Poisson’s ratio,

Load curve for left side of diagrainCLH

Load curve for right side of diagrablCRH

Load curve giving pressure dependeh¢eR? X
Load curve giving rate dependence of FLBEDF
Load curve for rate dependent yield stre€sEDM
Yield stressg,

Failure scale factor for deviatoric stresSS| DEV
Tangent modulus;

Hardening parametd,

First tabulated effective plastic strain,

Second tabulated effective plastic strain,

Eighth tabulated effective plastic strag,
First tabulated yield stress,

Eighth tabulated yield stress,

E10.0
E10.0
E10.0
E10.0
E10.0
E10.0
E10.0
E10.0
E10.0
E10.0
E10.0
E10.0
E10.0
E10.0

E10.0
E10.0

E10.0

This model combines the elastic-plastic Material Type 3 with a Forming Limit Diagram (FLD)
failure model developed by Logan and described in (Logan, 1991). The constitutive behavior of the
material is exactly as in Material Type 3, with one exception (rate-dependent yield) which is
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€major g
.20
First Pt.
Rmm = -
LCRH Last Pt.
R.m = +1.0
Last Pt. First Pt.
R.m = -0.0 — R.n = +0.0
— .05
I I I I I I I I I I
-
~10 ~.05 00 05 10 el
€minor
Figure 15
Generation of the Forming Limit Diagram using load curves LCLH and LCRH.

described below. The FLD method (Keeler, 1968) involves plotting the major (largest principal)
strain versus the minor (next largest) principal strain. When the major strain reaches the FLD
limiting value, which is a function of the minor strain, material failure is predicted. Once failure is
detected in this model, the yield stregs  and the tangent mdgulus are reduced by the factor
SCLDEV. In addition, a failure-fraction paramet& is set to one to indicate that failure has
occurred at a material point.

The shape of the forming limit diagram is determined by the left-hand and right-hand load curves,
LCLH andLCRH. The abscissa (first column) of each these load curves gives the ratio of minor
true strain to major true straifR,,, , and the ordinate (second column) gives the major true strain,
Emaj- 1he left-hand load curve should cover the minor/major strain ratio range of -0.5 to 0.0, and
the right-hand curve should cover the strain ratio range from 0.0 to 1.0, as shown in Figure 15.
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The pressure dependence of the forming limit diagram is determined by the pressure load curve,
LCPX. Strictly speaking, the forming limit diagram is a plane-stress sheet forming concept. Thus,
for any monotonic path on the forming limit diagram, there is an associated value of normalized
pressured , wher@ is given by

p=2L, (184)
Oy
wherep is the pressure ay Is the current yield stress. For uniaxial teﬁnston% , and for

biaxial tensionp = —% . Any additional normalized pressyse, , beyond these standard values for
plane stress conditions may cause the forming limit diagram to grow or shrink by an increment
deP.,, on each strain patR,,,, . Load culv€PX should contain the additional normalized
pressure on the abscissa and the corresponding incretagnt on ordinate axis. Figure 16 illus-
trates the operation of the pressure-dependence load curve.

The size of the forming limit diagram (i.e., the limiting major strain for any given minor-to-major
strain ratio) may be dependent on the total strain rate. The load t@&DF specifies this strain
rate dependence of the forming limit diagram. The load curve should contain strain rates on the
abscissa, and corresponditgf,,,;  values on the ordinate. Tsesg are applied alkng all
paths given in the left-hand and right-hand FLD load curves to derive the curves actually used in
the calculation. The operation of the rate-dependence load curves is illustrated in Figure 17.

The material constitutive behavior differs from the elastic-plastic model, Material Type 3, in that
the yield stress may be multiplied by a strain rate dependent factor found from load curve
LCEDM. The abscissa of this load curve should contain total strain rate values, and the ordinate
should give the scale factor to be multiplied times the current yield stogss, . Note that this strain
rate scaling is applied after strain hardening is taken into account.

The load curves for pressure@PX ), strain rate dependence of thel[FCERQF ), and strain
rate dependence of the yield stres€ EDM ), are optional; if these are input as zero, the option
is ignored and the appropriate scale factor becomes unity. Load curves for the left-hand FLD
(LCLH) and the right-hand FLDI{CRH ) are required and must contain at least two points each.

The determination of failure or proximity to failure is made in one of three ways, depending on the
value of the forming limit failure criterion optiohi-LD . For the TOTAL FLD approach

(IFLD = 1, see Figure 18), the total major and minor strains are compared to the limiting value
given by the forming limit diagram, and the failure fraction paranteter is determined. The
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SmajorA
025 — .20
- 15 /
FLD
dP 19
X - -0.40
d€major = —0.025
03 Plane Stress FL-B
X Lines of
- / ConstanR,,,
I I I I I I I I I I
- -.10 -.05 .00 .05 10 N
€minor
Figure 16
Effect of added hydrostatic pressure on the shape of the Forming Limit Diagram.

pressure used in pressure dependence option with this criterion is a “damped” pressure, which is a
running average of the instantaneous pressures. The strain rate is similarly damped. This procedure
approximates the “total” forming limit diagram method used in press shop practice. In the INCRE-
MENTAL FLD approach (FLD = 2 ;see Figure 19), the total value of the major strain is used to
get the vertical position on the FLD. The current incremental value of minor-to-major strain ratio,
dR,m, is used to establish the,,, line used. TRis, line is traversed from the origin up to the
currente,,,,; value to establish the position on the FLD. The current pressure and strain rate are used
for the pressure dependence and rate dependence options with this criterion, and this may lead to
sudden failure when the loading path changes, as is sometimes observed in practice. For the
DAMAGE FLD approach [FLD = 3 ;see Figure 20), the increment in major strain is considered
along with the current pressure and strain-rate. An increment in failure frafson is found from
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. Current value o

FLD
€ = 102
€ major = —0.025
]
|'| ’ Reference FLDB
0} ‘ € = 10°

I R R T/ AR

- |
-.10 -.05 0 .05\ |ines ot@onstam,,, -15
€minor
| | | | | | | | | |
1 ~05 00 05 10 5>
III;IIUI
Figure 17
Effect of strain rate on the Forming Limit Diagram.
—_ A’-(':ma‘or
AF = A——Er’%%t:*&r’ (185)
whereegpalh, is the major strain to failure in the directiom\ef, ;o on the current forming limit

diagram (after pressure and strain rate effects are incorporated). The failure fraction then accumu-
lates according to

Foir = Fo+ AF, (186)
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2. Increments
d‘c:major ar‘lddsminor
are added.

3. Final point still inside
FLD, so no failure
predicted.

Smajor a-ndsminor

Figure 18
The TOTAL FLD approach predicts “no failure” in this example.

where the subscripts denote time step number. Failure occurswhen0 . This failure criterion
option accounts for strain path changes in a way that is less prone to spurious failures due to
numerical noise than is the INCREMENTAL FLD criterion.
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€major |

1. Previous position
on FLD

2. Direction of currentiR,,,,,
determines whichR,,

line to use.
— 3. Previous value 0Emajor
| | | | | | | | |
-
~10 ~05 00 05 10 15>
sminor
Figure 19

The INCREMENTAL FLD approach predicts “failure” in this example.
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— .20

10 2 F, = F,+AF = 0.75
/_ aF = 292 - g o5

_0.025 _ ~ 0.20
3. aF = 2222 017
F, = F,+AF = 0.92
(Note: IFLD=1 would 1. AF = 8'—(13(5) = 0.50

predict failure here.)

-.10 -.05 .00 .05 .10 15

minor
Figure 20
The DAMAGE FLD approach predicts “no failure,” but the TOTAL FLD approach predicts
“failure” with this strain path.
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Material Type 36 (Brittle Damage Model)

Columns Quantity Format
1-10 Card 3 Young’s modulug, E10.0
1-10 Card 4 Poisson’s ratio, E10.0
1-10 Card 5 Tensile strength, E10.0

11-20 Shear limitf E10.0
21-30 Compressive yieldy, E10.0
1-10 Card 6 Fracture toughness expressed as energy per unit area E10.0
of crack advancemen,
11-20 Optional damage level for element remoizl, E10.0
(default: 0.0 - no element removal)
1-10 Card 7 Shear retention factfr, E10.0
1-10 Card 8 Viscosityn E10.0

This model describes the anisotropic damage of brittle materials and is designed primarily for
concrete. This model admits progressive degradation of tensile and shear strengths across smeared
cracks that are initiated under tensile loadings. Damage, the evolution of cracks, is handled by
treating the rank four elastic stiffness tensor as an evolving internal variable for the material.
Softening induced mesh dependencies are addressed by a characteristic length method (Oliver,
1989). Under compressive conditions, the material behavior is governed by an elastic/perfectly-
plastic response using J2 flow theory. (Various internal variables such as crack orientations and
degraded stiffness tensors are internally calculated but are not currently outputted.)

The elastic propertieE and define the undamaged or “virgin” material response. When the first
principal stress reaches the initial tensile strength (stregs), , asmeared crack s initiated in a plane
normal to the first (or maximum) principal stress direction. Once damage initiates, the crack orien-
tation is fixed at that location, though the orientation will convect with the motion of the body. As
the loading advances the allowed tensile traction normal to the crack plane is progressively
degraded to a small machine-dependent constant. The degradation is implemented by reducing the
materials modulus normal to the smeared crack plane according to a “maximum dissipation” law
that incorporates exponential softening. The restriction on the normal tragtion, , defined as
t, = (nOn)es ,isgiven by

t, < fio—(1—€)fo(1—exp(—Hx)) (187)
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wheren is the smeared crack norneal, is a small constant, is theldtress, is the softening
modulus, andx is an internal variabl¢. is calculated automatically based upon the fracture
toughnesg. and the element geometry. The internal vareable , normalized and outputted in the
“equivalent plastic strain field,” measures the crack field's intensity. When the normalized value of
a reaches unity, the material’s strength has been reduced to two percent of its original value in the

normal and parallel directions of the smeared crack. For plotting purpasés . Similarly, the
shear tractionts , that can be transmitted across a smeared crack plane is limited such that
ts< f5o(1—B)(1—exp(—Hx)) (188)

wheref, is the initial shear traction that may be transmitted3and is the shear retention factor.
Shear degradation uses two orthogonal shear damage surfaces and is coupled to the tensile degra-
dation througho . Shear degradation is achieved by reducing the material’'s shear stiffness parallel

to the smeared crack plane. As the damage progresses asymgidtgs to

The fracture toughnesg, , of the material should be entered as the fracturgenergyarea
of crack advancement

To obtain mesh independent results, thez%haracteristic element léngth, , should be less than the
material’s characteristic dimension, ilé< 29° . Meshes with larger elements may dissipate too
much energy during tensile damage. 0

Rate dependent or “viscous” behavior is implemented as a simple Perzyna regularization method
and is controlled by the viscosity of the materjal . Using 0 results in a rate-independent
response.

Under compressive conditions, this model uses an elastic/perfectly-plastic response to limit
excessive or runaway. ressive) stresses. A check is made on the compressive stress state using
the J2 yield function /g’s- S-o0,<0 ,wher® is the stress deviator. If the yield function is
violated, a J2 return mapping correction is executed and plastic strains are genesgted0If :
compressive plasticity is ignored. During simultaneous plasticity and cracking at a single point, the
compressive plasticity is only approximate.

An optional element removal ﬂalj)r , may be set to remove elements after sufficient tensile
damage accumulates. Elements are removed when exbPeeds . This feature should be used with
caution since element removal may alter the results. Sinre® D, <)5 .\Dhen O , elements
are not removed.
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Remark: A variety of experimental data, from quasi-static to explosive situations, has been repli-
cated using this model. An example of typical properties for a standard grade concrete, without rate
effects, ar&e = 3.15x 10 psy = 0.2 f,, = 450 psis, = 2100 pg, = 0.872  Ibs/in,

B = 0.03, andn = 0.0 psi-sec.

A full description of this material model is given in Govindjee, Kay, and Simo (1993).
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Material Type 37 (Three-Invariant Viscoplastic Cap Model)
Columns Quantity Format
1-10 Card 3 Shear modulus, E10.0
11-20 Bulk modulusk E10.0
21-30 Gruneisen ratio (optional), E10.0
31-40 Shock parameter (optionad, E10.0
41-50 Pore compression flagRES E10.0
EQ.0.0: Explicit pore compression
EQ.1.0: Constant bulk modulus
1-10 Card 4 Shear failure surface constant, E10.0
11-20 Shear failure surface linear coefficiét, E10.0
21-30 Shear failure surface exponential coefficignt, E10.0
31-40 Shear failure surface expondht, E10.0
41-50 Tensile pressure cutoff (negative in tension) E10.0
51-60 Tensile return mapping mode E10.0
61-70 Kinematic hardening parametii E10.0
71-80 Kinematic hardening coefficiernt, E10.0
1-10 Card 5 Initial ellipticity,R, E10.0
11-20 Initial J, -axis interceptX, E10.0
21-30 Cap contraction optiohROCK E10.0
EQ.0.0: Contraction allowed (soils)
EQ.1.0: Contraction omitted (rocks)
EQ.2.0: Contraction w/ hardening (rocks)
31-40 Shear-enhanced compaction parameter E10.0
1-10 Card 6 Maximum plastic volume straify, E10.0
11-20 ExponenD; E10.0
21-30 ExponenD, E10.0
31-40 Plot variable output option (see Table 1) E10.0
41-50 Maximum strain increment E10.0
1-10 Card 7 Three-invariant parame@y E10.0
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Columns Quantity Format

11-20 Three-invariant parameté E10.0
GE.0.0: Formulation parameter
LE.O0.0: Friction anglep (degrees)

21-30 Rounded vertices paramet®f, (degrees) E10.0
31-40 Rounded vertices parameter, E10.0
41-50 Viscoplasticity fluidity parameter E10.0
51-60 Viscoplastic flow function formr\FORM E10.0

LT.0.0:9(f) = (f/fy)N, whereN = [INFORM
GT.0.0:0(f) = exp( f/ f)N-1

Card 8 Blank

This model was developed by Len Schwer and Yvonne Murray and is described in (Schwer and
Murray, 1994). For additional information on the viscoplastic aspects of this model see (Schwer,
1994).

Table 1: Output variables for NPLOT plotting option.

NPLOT Function Description

1 L(k) J, value at cap-shear surface intersectjon
2 X(K) J, intercept of cap surface

3 R(k) Cap surface ellipticity

4 EP Plastic volume strain

5 J; First stress invariant

6 J Second invariant of deviatoric stress
7 J; Third invariant of deviatoric stress

8 s (34/1.5% )/ (% )¥2 = —sin(3p)

9 B Lode angle (degrees)

10 R Octahedral plane radius

11 J Relative volume

12 (0} Porosity
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Table 1: Output variables for NPLOT plotting option.

NPLOT Function Description
13 Qs Relative change in volume of solid phase
14 Phs Pressure in the solid phase
15 Ens Energy in the solid phase
16 nsubs Number of strain subincrements
17 1-(R2F2%F.)/J, Deviation from failure surface
18 G Kinematic hardening limiting function
19* Jg Kinematic hardening backstress
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Material Type 38 (Bammann Plasticity Model)

Columns

1-10
11-20
21-30
31-40

1-10
11-20
21-30
31-40

1-10
11-20
21-30
31-40
41-50
51-60

1-10
11-20
21-30
31-40
41-50
51-60
61-70
71-80

1-10
11-20
21-30
31-40
41-50

Quantity Format
Card 3 Young’s modulug, E10.0
Poisson’s ratio E10.0
Initial temperaturer, E10.0
Heat generation coefficieitC E10.0
Card 4 C, E10.0
C, E10.0
C, E10.0
C, E10.0
Card 5 Cs E10.0
Cs E10.0
C, E10.0
Cs E10.0
Cis E10.0
Cu E10.0
Card 6 C, E10.0
Co E10.0
Cis E10.0
Cis E10.0
Cu E10.0
Cy, E10.0
Ciy E10.0
Cus E10.0
Card 7 Initial tensor internal variabke,, E10.0
Initial a, E10.0
Initial a,, E10.0
Initial a, E10.0
Initial a E10.0
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Columns Quantity Format

51-60 Initial scalar internal variable&, E10.0
Card 8 Blank

This model is described in (Bammann, 1990) and (Bammann, Johnson, and Chiesa, 1990). Itis a
phenomenological plasticity model using a set of internal state variables whose evolution is based
on micromechanics. The model includes rate and temperature dependence, and heat generation due
to plastic work. Since internal state variables are used to track the deformation, the history effects
of strain rate and temperature are correctly captured.

The number of material parameters may seem prohibitive, but rarely are all of the constants used.
The model reduces to linear strain hardening with only two required parameters. For rate insen-
sitive materials the number of parameters is reduced by four. If temperature dependence is not
required (i.e. when heat generation is not important), then the number of parameters is reduced by
a factor of two. All of the parameters can be determined using simple tension and compression
data.

The evolution of the Cauchy stress  is governed by an equation of the form

s = ATr(d91+2Gde, (189)
whered® is the elastic part of the rate of deformation, is the elastic Lame parameter given by
Ev

N T va— (190)

andG is the elastic shear modulus. The rate of deformdtion (Ssymmetric part of the velocity
gradient) is decomposed as

d =de+dr+dt, (191)
whered? is the deviatoric plastic part, add is the thermal expansion part. The deviatoric plastic
part of the rate of deformation is given by

dp = f(T)sinh[l)('_VK(—fl_;(m}b)z—' for x| =k —Y(T)2 0 (192)
and
de = 0for (x|—Kk=Y(T))<O0 (193)

whereT istemperaturg, is a scalar hardening variable, is the translated stress found from the
deviatoric Cauchy stress  and the tensor hardening vaaable as
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X =S —ga, (194)

andf(T) ,Y(T) ,andv(T) are scalar functions. Assuming isotropic thermal expansion with
coefficienta , the thermal part of the rate of deformation can be written

dih= aT1. (195)

The evolution of the internal plasticity variablas and is found from

a = h(T)dr=[rq(T)d + ry(T)]0a (196)
K = H(T)Id] =[Ry(T)d + R(T)]k? , (197)
where h(T) andH(T) are hardening moduli (which may be functions of temperature),
- _ |2
d = J%Id q, (198)

Ql

= [l (199)
andry(T) ,R(T) ,rq(T) ,andRy(T) are scalar functions.

To compute temperature change, it is assumed that no heat is conducted out of an element and 90%
of the plastic work is dissipated as heat, so it follows that

- _ 0.9

= — . p

T pCV(s dp, (200)
wherep isthe material density acgl  is the specific heat. To include this effect the heat generation
coefficient,HC , should be defined in the input:

0.9

HC = =2 (201)

Nine functions are used to describe the inelastic response. They can be grouped into three classes:
those associated with the initial yield stress, the hardening functions, and the recovery functions.
The temperature dependence of the yield functions are given by

V(T) = C,expg—G/T) (202)
Y(T) = Ciexp( G/T) (203)
F(T) = Csexp=G/T) . (204)

The functionY(T) describes the rate independent yield strength as a function of temperature. The
function F(T) determines the rate at which the material transitions from rate-insensitive to rate-
dependent, an®¥(T) describes the amount of rate dependence.
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Two internal state variables are used to model hardening. The tensor variable is used to describe
the translation of the yield surface and the scalar variable is used to track growth of the yield
surface. These two history variables evolve independently, and their evolution is characterized by
a hardening contribution minus a recovery contribution. The hardening fundtions H @nhpl
are given by

h(T) = Ceexp( G/ T) (205)

H(T) = Cuexp( Ge/T) . (206)

Without recovery terms the model reduces to linear hardening with a tangent modulus of
E: = (E(h+ H))/(E+h+H) . (207)

There are two recovery functions associated with each of the state vasiablesx and . Larger
values of recovery result in faster deviation from linear hardening and lower saturation stresses.
The dynamic recovery function results in rate-independent hardening while the static (or thermal)
recovery results in rate-dependent hardening.

The recovery functions are strongly temperature-dependent, and their form is given by

rqo(T) = Crexp(—G/T) (208)
r{(T) = Cuexp(—C/T) (209)
Ry(T) = Crexp(—Cs/T) (210)
R(T) = Ciexp(—Cg/T) . (2112)

At higher strain rates and lower temperatures the dynamic recovery is dominant while at lower
strain rates and higher temperatures the static recovery is dominant.

For high rate problems there can be a significant temperature increase due to plastic work. This
allows the model to calculate thermal softening and thermal instabilities. Note that the heat gener-
ation coefficienHC will have no effect unless the functions are temperature-dependent. Typically,
for strain rates less than 1§ée_c the problem is not adiabatic and therefore the heat generation
coefficient shoulahot be included.

The parameters that give initial values to the components of the internal vasiable = may often be
defined as zero. Nonzero values may be used to describe a material that is not initially isotropic,
such as material deformed by a rolling process.
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Material Type 39 (Sandia Damage Model)

Columns

1-10
11-20
21-30
31-40

1-10
11-20
21-30
31-40

1-10
11-20
21-30
31-40
41-50
51-60

1-10
11-20
21-30
31-40
41-50
51-60
61-70
71-80

1-10
11-20
21-30
31-40
41-50

Quantity Format
Card 3 Young’s modulug, E10.0
Poisson’s ratio E10.0
Initial temperaturer, E10.0
Heat generation coefficieitC E10.0
Card 4 C, E10.0
C, E10.0
C, E10.0
C, E10.0
Card 5 Cs E10.0
Cs E10.0
C, E10.0
Cs E10.0
Cis E10.0
Cu E10.0
Card 6 C, E10.0
Co E10.0
Cis E10.0
Cis E10.0
Cu E10.0
Cy, E10.0
Ciy E10.0
Cus E10.0
Card 7 Initial tensor internal variabke,, E10.0
Initial a, E10.0
Initial a,, E10.0
Initial a, E10.0
Initial a E10.0
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Columns Quantity Format
51-60 Initial scalar internal variable&, E10.0
61-70 Damage exponerm E10.0
71-80 Initial void volume fraction (porosityd, E10.0

Card 8 Blank

The constitutive equations of this model are described in (Bammann, 1990) and (Bammann,
Johnson, and Chiesa, 1990). The damage model is described in (Bammann, Chiesa, McDonald,
Kawahara, Dike, and Revelli, 1990) and Bammann, Chiesa, Horstemeyer, and Weingarten, 1993).
This is a phenomenological plasticity model using a set of internal state variables whose evolutions
based on micromechanics. The model includes rate and temperature dependence, and heat gener-
ation due to plastic work. Since internal state variables are used to track the deformation, the
history effects of strain rate and temperature are correctly captured. Ductile failure in materials is
predicted by the model using a void growth evolution law.

The number of material parameters may seem prohibitive, but rarely are all of the constants used.
The model reduces to a linear strain hardening with only two required parameters. For rate insen-
sitive materials the number of parameters is reduced by four. If temperature dependence is not
required (i.e. when heat generation is not important), then the number of parameters is reduced by
a factor of two. All of the parameters (except for the two associated with damage) can be deter-
mined using simple tension and compression data.

The evolution of the Cauchy stress  is governed by an equation of the form
D s

1-D™ ’

wherede® is the elastic part of the rate of deformation, is ascalar damage vakiable, isthe elastic

Lame parameter given by

S = AM(1-D)Tr(d91+2G(1-D)de— (212)

\ = Ev
(1+v)(1-2v) "’
andG is the elastic shear modulus. The rate of deformdtion (symmetric part of the velocity
gradient) is decomposed as

(213)

i = de+dp+dv+d?, (214)
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whered?® is the deviatoric plastic padit;  is the dilatational plastic partl &nd is the thermal
expansion part. The deviatoric plastic part of the rate of deformation is given by

x| —K—Y(T)(l—D):|L

VD) for KI-k-Y(M@-D)=0  (215)

dr = f(T)sinh[

and

dp=0for (]x|-k=-Y(T)(1-D))<O0 , (216)
whereT istemperature, is a scalar hardening variable, is the translated stress found from the
deviatoric Cauchy stress and the tensor hardening vagable as

_ 2
X =S 3a, (217)

andf(T) ,Y(T) ,andV(T) are scalar functions. The dilatational plastic part of the rate of defor-
mation depends only on the damage variable and is given by

v D
dv= 7=51. (218)

Assuming isotropic thermal expansion with coefficiant , the thermal part of the rate of defor-
mation can be written

dth= aT1. (219)

The evolution of the internal plasticity variables and is found from

a = h(T)dr=[rq(T)d + ry(T)]0a (220)
K = H(T)|d4 = [Ry(T)d + R(T)Ik? , (221)
where h(T) andH(T) are hardening moduli (which may be functions of temperature),
- _ |2
d= Jéld q, (222)

Ql

= [Zal, (223)
andry(T) ,Ry(T) ,ryq(T) ,andrRy(T) are scalar functions.

The evolution of the damage paramdder is given by
y = [ —L  _(1_
D = X[(l—D)m (1 D)}qu , (224)

wherey is a stress triaxiality factor given by

x = sinh[z(—(zzﬁr?:ll))ap} , (225)

m is a void growth constanp, is pressure, and s effective stress.
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To compute temperature change, itis assumed that no heat is conducted out of an element and 90%
of the plastic work is dissipated as heat, so it follows that
- _ 0.9
= — . P
T pCv(s d», (226)
wherep isthe material density aeg is the specific heat. To include this effect the heat generation
coefficient, HC , should be defined in the input:

He = 29 (227)

pc,’

Nine functions are used to describe the inelastic response. They can be grouped into three classes:
those associated with the initial yield stress, the hardening functions, and the recovery functions.
The temperature dependence of the yield functions are given by

V(T) = Ciexp(-G/T) (228)
Y(T) = Csexp( G/T) (229)
F(T) = Ceexp(-G/T) . (230)

The functionY(T) describes the rate independent yield strength as a function of temperature. The
function F(T) determines the rate at which the material transitions from rate-insensitive to rate-
dependent, and/(T) describes the amount of rate dependence.

Two internal state variables are used to model hardening. A tensor variable is used to describe
the translation of the yield surface and a scalar variable is used to track growth of the yield
surface. These two history variables evolve independently, and their evolution is characterized by
a hardening contribution minus a recovery contribution. The hardening fundtiohs Hanhd
are given by

h(T) = Cyexp( G/ T) (231)

H(T) = Crexp( Go/T) . (232)

Without recovery terms the model reduces to linear hardening with a tangent modulus of
E: = (E(h+ H))/(E+h+H) . (233)
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There are two recovery functions associated with each of the state vasiablesk and . Larger
values of recovery result in faster deviation from linear hardening and lower saturation stresses.
The dynamic recovery function results in rate-independent hardening while the static (or thermal)
recovery results in rate-dependent hardening.

The recovery functions are strongly temperature-dependent, and their form is given by

rqo(T) = Cexp(—G/T) (234)
r(T) = Cuexp(—Cy/T) (235)
Ry(T) = Crexp(—Cy/T) (236)
R(T) = Ciexp(—Ce/T) . (237)

At higher strain rates and lower temperatures the dynamic recovery is dominant while at lower
strain rates and higher temperatures the static recovery is dominant.

For high rate problems there can be a significant temperature increase due to plastic work. This
allows the model to calculate thermal softening and thermal instabilities. Note that the heat gener-
ation coefficienHC will have no effect unless the functions are temperature-dependent. Typically,
for strain rates less than 1§ée—c the problem is not adiabatic and therefore the heat generation
coefficient shoulahot be included.

The parameters that give initial values to the components of the internal vaasiable = may often be
defined as zero. Nonzero values may be used to describe a material that is not initially isotropic,
such as material deformed by a rolling process.

The evolution of the damage internal state varible is motivated by the Cocks-Ashby solution
for the growth of a spherical void in a rate-dependent plastic material. Note that there is strong
dependence on the ratio of mean stress to effective stress. Based on microscopic measurements of
initial void volume fractions for metals, a value of 0.0001 is typically usebfor . The value for
m must be determined from test data, but unfortunately a simple procedure has not been found.
Typically a notch tensile test is modeled amd is varied through a trial-and-error process until the
correct strain to failure is produced. Other notch tests can then be used as validation. If no notch
data exists, then a standard tensile test may be modeled and the strain at failure can be used
(although this is less accurate). Most metals will fail at void fractions of several percent. However,
at five percent damage, the growth rate is usually so large that a damage fraction of one (total
material failure) is usually reached in a few time steps. For this reason the damage is limited to
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0.99, at which point failure is assumed. The element stress and stiffness are inversely proportional
to the damage, and at a damage level of 0.99 the element is essentially removed from the calcu-
lation.

225



INPUT FORMAT

DYNA3D User Manual

Material Type 40 (Fahrenthold Brittle Damage)

Columns Quantity Format

1-10 Card 3 Elastic modulug, (see Figure 1 and Figure 2) E10.0
11-20 Damage evolution coefficier, E10.0
21-30 Damage evolution exponekit, E10.0

1-10 Card 4 Poisson’s ratio, E10.0

Card 5 Blank
1-10 Card 6 Material axes definition option, AOPT E10.0

EQ.0.0: locally orthotropic with material axes determined by
element nodes,; n, ,and as shown in Figure 1.
Cards 7 and 8 must be blank with this option.

EQ.1.0: locally orthotropic with material axes determined by a
point in spacd® and the global location of the element center,
as shown in Figure 1. Note thdit is parallel to the glabal -axis.
Card 8 below is blank.

EQ.2.0: globally orthotropic with material axes determined by
vectors defined on Cards 7 and 8. (See Figure 2).

EQ.3.0: applicable to shell elements only. This option determines
locally orthotropic material axes by offsetting the material
axisa by an angl@ from a line in the plane of the
shell determined by taking the cross product of the verctor
defined on Card 7 with the shell normal vector (See
Figure 2). The angl@ s defined on Card 8, and may be
overridden by specifying a value on the element card.

1-10 Card 7 X, , define only if AOPT = 1.0 E10.0
11-20 Y, , define only if AOPT = 1.0 E10.0
21-30 zZ, , define only if AOPT = 1.0 E10.0

1-10 Card 7 a, , define only if AOPT = 2.0 E10.0
11-20 a, , define only if AOPT = 2.0 E10.0
21-30 a, , define only if AOPT = 2.0 E10.0

1-10 Card 7 v, , define only if AOPT = 3.0 E10.0
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Columns Quantity Format
11-20 v, , define only if AOPT = 3.0 E10.0
21-30 v, , define only if AOPT = 3.0 E10.0

1-10 Card 8 d, , define only if AOPT = 2.0 E10.0
11-20 d, , define only if AOPT = 2.0 E10.0
21-30 d, , define only if AOPT = 2.0 E10.0

1-10 Card 8 Material angl@ , define only if AOPT=3.0 E10.0

(may be overridden on the element card)

This is an experimental model for damage of brittle materials, such as ceramics. The theory and
initial implementation was developed by Fahrenthold (1991), and the details of the formulation are
described therein. This model is currently experimental in DYNA3D, and care should be exercised
in its use.
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Material Type 41 (Fabric with Damage)

Columns

1-10
11-20
21-30
31-40
41-50
51-60
61-70

1-10
11-20
21-30
31-40
41-50
51-60
61-70
71-80

1-10
11-20
21-30

1-10

Quantity Format
Card 3 Elastic modulus in longitudinal directi@h, E10.0
Elastic modulus in transverse directigp E10.0
Elastic modulus in normal directida, E10.0
Bulk modulus of failed materj&l; (solid elements only)  E10.0
Normal tensile strengtl, (solid elements only) E10.0
Transverse shear strendsh, (solid elements only) E10.0
Transverse shear strend#h, (solid elements only) E10.0
Card 4 Poisson’s ratio,, E10.0
Poisson’s ratioy., E10.0
Poisson’s ratioy,, E10.0
Ratio of sofE to stifE in any direction, E10.0
Stress value at transitiony, E10.0
Fillet radius for transitiorRy; E10.0
Minimum time step for element deletidi, E10.0
Stress/strain formulation (shell elements only) E10.0
EQ.0.0: Hypo-elastic formulation using the Cauchy stress and
the logarithmic strain. (default)
EQ.1.0: Hyper-elastic formulation using the 2nd Piola-Kirchhoff
stress and the right stretch tensor. (This option can only
be used with one-point Belytschko-Tsay, YASE, or
membrane shell formulations.)
Card 5 Shear modulug,, E10.0
Shear modulu$;,,. E10.0
Shear modulu&.., E10.0
Card 6 Material axes definition option, AOPT E10.0
EQ.0.0: locally orthotropic with material axes determined by

element nodes;, 1, ,any as shown in Figure 1.
Cards 7 and 8 are blank with this option.
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Columns Quantity Format
EQ.1.0: locally orthotropic with material axes determined by a
point in spacd® and the global location of the element center,
as shown in Figure 1. Card 8 below is blank.
EQ.2.0: globally orthotropic with material axes determined by
vectors defined on Cards 7 and 8. (See Figure 2).
EQ.3.0: applicable to shell elements only. This option determines
locally orthotropic material axes by offsetting the material
axisa by an angl@ from a line in the plane of the
shell determined by taking the cross product of the vector
defined on Card 7 with the shell normal vector (See
Figure 2). The angl@ is defined as described below for each
through-thickness integration point. In addition, a material angle
may be specified on each element card, and these values are added.
1-10 Card 7 X, , define only if AOPT = 1.0 E10.0
11-20 Y, , define only if AOPT = 1.0 E10.0
21-30 z, , define only if AOPT = 1.0 E10.0
1-10 Card 7 a, , define only if AOPT = 2.0 E10.0
11-20 a, , define only if AOPT = 2.0 E10.0
21-30 a, , define only if AOPT = 2.0 E10.0
1-10 Card 7 v, , define only if AOPT = 3.0 E10.0
11-20 v, , define only if AOPT = 3.0 E10.0
21-30 Vv, , define only if AOPT = 3.0 E10.0
1-10 Card 8 d, , define only if AOPT = 2.0 E10.0
11-20 d, , define only if AOPT = 2.0 E10.0
21-30 d, , define only if AOPT = 2.0 E10.0
31-40 Shear strength @b - plarg, E10.0
41-50 Longitudinal tensile strength aloag axs, E10.0
51-60 Longitudinal tensile strength alohg aXs, E10.0
61-70 Transverse compressive strenith, E10.0
71-80 Nonlinear shear stress parameter, E10.0
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This experimental material model allows for the initial slack effect on stiffness in a woven fabric
material under tension. It is experimental, and further refinement is expected to improve its general
utility. A different fiber orientation may be specified at each through-thickness integration point for
shell elements to represent complex weaves. This capability may be combined with the User-
Defined Integration Rules option.

The hyper-elastic stress formulation is based upon the 2nd Piola-Kirchhoff stress measure and
assumes that the stress is the product of the current elasticity tensor operating on the strain, where
the strain is defined as the right stretch tensor minus the identity tensor. This formulation removes
artificial stiffening caused by excessive tensile deformation and damage as well as ensures that the
global time-step size is correctly calculated. Note, material properties and strengths should be
specified in terms of force per unit undeformed area.
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Additional Material Type 41 Input:

Define the material anglg for each of the through-the-thickness integration points for 4-node
shell elements. This data must follow the Cross Section Properties data on Card 11.

Columns Quantity Format
1-10 Material angle at first integration poift, E10.0
11-20 Material angle at second integration pdgat, E10.0
21-30 Material angle at third integration poifit, E10.0
71-80 Material angle at eighth integration pofsy, E10.0

Continue on additional cards until NIP points have been defined, where NIP is the number of
thickness integration points specified on Card 10 for shell elements. Material angle values may also
be specified on the element cards. The material angle used in the calculation is the sum of the value
specified above for each integration point and the value specified on the element card.

This model is based on an extension of the Composite Damage model, (material type 22) which
accounts for the effects of loose weave in fabrics. The elastic portion of this model is bilinear in
each direction, with the soft branch of the curge<(oy, ) having elastic moHuylus dE A
smooth transition with radius of curvaturg, is used between the two moduli. The moduli are
evaluated independently in each direction based on the normal stress in that direction.

The material behavior produced by this model is approximately orthotropic elastic, with the
addition of a nonlinear shear stress term. A stress-based failure model is included to incorporate
the effects of fiber breakage, matrix cracking, matrix crushing, and delamination. The failure
criterion for fiber breakage is

2 + § 4
max0, 04,) N Oan + 200

: <1.0. (238)
X s 3, 5

€ =

Analogously, the criterion for matrix cracking is
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2 3 4
2 Ot =00y,
g, = M0 0w, = 4 " _gq (239)
Yt § + §CXS§
2G,, 4
The criterion to detect matrix crushing is
2 3 4
R 2 2 Oab + —0 0y
SRULLC T O L S T (240)

€ = - <
‘ 4S§ L4§ Ye § 3
= +2¢S
2G,, 4
and, for solid elements only, the criterion to detect delamination is

2 2 2
= Max0, 0o , Gbe, Tea g g (241)

S Se S

When either fiber breakage or matrix cracking is detected, the appropriate stress components are
reduced to zero linearly over the next 100 time steps. This stress reduction function has been found
useful to minimize spurious oscillations, or ringing, caused by the abrupt release of energy at
failure. Nonetheless, the element remains active and continues to carry load perpendicular to the
damage direction until both fiber breakage and matrix cracking occur. Only at this time is the
element deactivated and rendered incapable of carrying any load. When the SAND database is
active, the element remains visually present until both fiber breakage and matrix cracking occurs.

When matrix crushing is detecter, aag, are fixed at their current level. In its normal mode,
matrix crushing does not render an element incapable of carrying load even if fiber breakage or
matrix cracking also occur. However, by specifyiig< 0 , WhEte is the transverse
compressive strength, the appropriate stress components are zeroed when matrix crushing occurs
and the element is deactivated when both matrix crushing and fiber breakage are detected.
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Material Type 42 (Multi-Material Shell Element Model)
Columns Quantity Format
1-10 Card 3 Material number of 1-st integration point E10.0
11-20 Material number of 2-nd integration point E10.0
21-30 Material number of 3-rd integration point E10.0
71-80 Material number of 8-th integration point E10.0
1-10 Card 4 Material number of 9-th integration point E10.0
71-80 Material number of 16-th integration point E10.0
1-10 Card 5 Material number of 17-th integration point E10.0
71-80 Material number of 24-th integration point E10.0
1-10 Card 8 Material number of 41-th integration point E10.0
61-70 Material number of 47-th integration point E10.0
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This new (and experimental) material model permits shell elements to be defined with completely
different material models and data sets at each integration point in the through-the-thickness
direction. By careful selection of the integration rule or by use of User Defined Integration Rules,
many laminated structures can be modelled efficiently and accurately. The model is currently
limited to 47 or less through-the-thickness integration points.

The user specifies a material identification number for each integration point. With Gauss
quadrature integration, the isoparametric coordidatel.0< (< 1.0 ) of the k-th integration

point is:
Table 2
Integration Gauss Quadrature Order
Point
Number (k) 1 2 3 4 5
1 0.0 -0.58 0.0 -0.86 0.0
2 0.58 -0.77 -0.33 -0.91
3 0.77 0.33 -0.54
4 0.86 0.54
S 0.91
The lower and upper surfaces are locatefl at —1.0 (ardl.0 , respectively. When trape-

zoidal integration is used, the first and last integration points are located on the lower and upper
surfaces, respectively. The intermediate points are distributed consecutively between the lower and
upper points. When user defined integration rules are employed, the integration points are arranged
in the same order as the integration rule.

All element attributes must be fully specified for this material model. The hourglass stabilization
method and coefficient, bulk viscosity types and coefficients, gravity loading flags, Rayleigh
damping coefficients, and integration rule data specified for this material definition supersede any
defined in the individual integration-point material model data sets. Although an effective mass
density is required on input, the mass density is internally recalculating to ensure consistency. The
user must specify the correct “lamina” density of each material model defined. These densities,
along with each lamina’s elastic properties, are used to determine the maximum sound speed of the
entire element. Although shell integration rules are still required for each integration-point material
model, they are ignored during execution.
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Note, itis more efficient computationally to use the User Defined Integration Rules if one material
type is used for the entire element, but different data sets are desired at each integration point.
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Material Type 43 (Transversely Isotropic Visco-Hyperelasticity)

Columns Quantity Format
1-10 Card 3 Mooney-Rivlin Coefficient,,C E10.0
11-20 Mooney-Rivlin Coefficient, £ E10.0
21-30 Exponential Stress Coefficien C E10.0
31-40 Fiber Uncrimping Coefficient,C E10.0
41-50 Modulus of Straightened Fibers, C E10.0
51-60 Viscoelastic Coefficient, E10.0
61-70 Viscoelastic Coefficient, E10.0
71-80 Viscoelastic Coefficients E10.0
1-10 Card 4 Bulk ModulusK E10.0
11-20 Fiber stretch for straightened fibev's, E10.0
51-60 Relaxation timet, E10.0
61-70 Relaxation timet, E10.0
71-80 Relaxation timet, E10.0
1-10 Card 5 Initial Stretch Flag .EQ. 1.0: activate initial stretch option  E10.0
11 -20 Load Curven, for applying initial stretch E10.0
51-60 Viscoelastic Coefficient, E10.0
61-70 Viscoelastic Coefficients E10.0
71-80 Viscoelastic Coefficients E10.0
1-10 Card 6 Material axes option, AOPT

Note: Fiber direction is always aligned with local axis
EQ.0.0: local material axes given by local element nodes
specified on Card 7 below. Fig. 4-1 indicates local axes
resulting from default node choices.

Card 8 is blank.

EQ.0.0: local material axes determined by a point in
space and global location of each element integration
point (see Fig. 4-1). Card 8 below is blank.

EQ.2.0: local material axes determined using normalized
vectorsa andd defined below, where

c=axd ; b=cxa E10.0

51-60 Relaxation timet, E10.0
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61-70 Relaxation timet E10.0
71-80 Relaxation timetg E10.0
1-30 Card 7 AOPT.EQ.0.0: local element nodes (default = 1,2,4) 3E10.0
1-30 AOPT.EQ.1.0%), Yy, 2 3E10.0
1-30 AOPT.EQ.2.0a,,a,, a3 3E10.0
1-30 Card 8 dy,dy, ds 3E10.0

This material provides a capability for modeling fiber reinforced visco-hyperelastic materials.
Large strain hyperelastic response is determined by the strain energy formulation described as
follows. Rate dependence can be added to the model by prescribing relaxation times in the input.
Leaving columns 51-60 on Card 3 blank defaults the material with the non-rate dependent hyper-
elastic behavior. The input format and implementation follows that of NIKE3D Material Type 18,
with the exception that fully incompressible material behavior via augmented Lagrangian method
is not supported in the DYNA3D implementation.

Hyperelastic Response

The isotropic behavior of an “uncoupled” version of the Mooney-Rivlin model (Material Type 27)
is modified by the addition of a strain energy t&m) resulting from stretch along a fiber
direction:

W = C(11-3) + Cy(I, - 3) +iK[In(3)]* + F AEa (242)

Here the invariants used are the deviatoric invaridmspresents the volume ratio, akds the

effective bulk modulus. Thus the strain energy has uncoupled terms to represent deviatoric and
dilational contributions. The fiber streteh  along the current fiber direetisigiven byxa = Fg,

whereF is the deformation gradient, amgis the fiber direction in the undeformed configuration.

The fiber strain terrr 4&=includes an exponential “toe region,” followed by a linear region, to
represent the uncrimping behavior of fibers in biological soft tissues. The transition from
exponential to linear behavior is governed by specifying a fiber stsétch . The material model was
designed to represent the behavior of ligaments and tendons, however the exponential behavior of
skeletal and cardiac muscle may be represented by sgtting to a large value.

The additional contribution to Cauchy stress due to the fiber stretch is given by the term:

C
OF —)\g’(exp(C4()\—1))—1) YIS

oF _ : \ 243
o H(CA+Cg) . A=A (249
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Here, G scales the exponential stressegc@ntrols the rate of uncrimping of the collagen fibers,
Csis the modulus of the straightened fibers, apds@hosen by DYNA3D to ensure®Continuity
between the two functional regions.

The model also supports the application of initial tension to the material through specification of
an initial fiber stretcha, . The initial stretch is applied using load aurspecified above.

Viscoelastic Response
Viscoelasticity is provided by adding additional time dependent stress terms to the elastic stress
calculated above. The following formula is used to calculate tHemla Kirchhoff stress at time

s(E 1) = ZUEW) + [ 6t-DIEE@)n (244)

whereW is the strain energy as given above Bnd the Green strain. The equilibrium elastic
response is given by the first term on the right hand side of the above formula. A six-term Prony
series is used for the kerr@l(t) such that

6

G(t) = zViexp(t/ri) (245)

Up to six viscoelastic coefficients and relaxation times can be prescribed as shown in the table
for the material model. Different methods can be used to fit the viscoelastic parameters to
experimental data. A method to fit the coefficients to the form of Fung’s quasilinear viscoelastic
model for biological soft tissues [Fung, 1981] is given in [Puso and Weiss, 1997]. Details of the
elastic constitutive model and its implementation can be found in [Weiss et. al., 1996]. Dr. Weiss
is responsible for the DYNA3D implementation of this model.
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Material Type 44(Rigid Foam)

Columns Quantity Format
1-10 Card 3 Young’s modulug&’ E10.0
11-20 Young’s modulusE* E10.0
1-10 Card 4 Poisson’s ratio, E10.0
11-20 Poisson's ratia E10.0
1-10 Card 5 Yield stress;’ E10.0
1-10 Card 6 Yield parametea, E10.0
1-10 Card 7 Hydrostatic yield stregs, E10.0
1-10 Card 8 Rate of densification, E10.0
11-20 Lock up strainy"* E10.0
21-30 blank E10.0
31-40 Viscosity,n E10.0
41-50 Power law coefficienn E10.0

The uniaxial compression stress versus strain curve for rigid foam has three regions: elastic,
plateau, and densification (Figure 21). Elastic deformation is due to elastic bending and stretching
of the cell walls. The plateau or yield occurs when this bending and stretching causes plastic hinges
and buckling of the cell walls. Densification occurs due to contact of the cell walls and compression
of pore fluid as the cells collapse and rupture. To model these regions the stress is split into two
partssuchtha = s °+s® .Thestres§ represents stress due to bending and stretching of cell
walls ands ¢ represents the stress due to densification of the cells.

The stiffness of the foam in the elastic region is given by;

s®=FE°e (246)
Typically Poisson’s effects are neglected for the foam. The yield surface is given by the envelope
of the surfaced, anfl, where:

f1(0%) = 1/ke/I¢+a(1¢/ke)2-1 = 0 (247)
f5(0%) = 3o+ S[(192-9(pe)7] = 0 (248)

J° is the second invariant of the cell wall deviatoric stgss  @isdHe trace ob;; such that:
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Jo= | g S S5 and = o5 (249)

. The surfacef, is the cell wall plastic hinge surface where 0.090,.; Prei » is the relative
density of the foam anll® is the yield parameter. Usuélly  controls the uniaxial yield response.
Typically 0.02< p,; < 0.4, such thath can be neglected aid becomes the uniaxial yield stress.
The surfacef, controls the hydrostatic behavior of the foam suclpthat  becomes the yield
pressure for purely volumetric loading®(= 0 ). Where hydrostatic compression data is not
available p¢ = k¢ is a good approximation. The usual additive split of the strain is used such that
the plastic responseq= 0) is governed by:

s ¢ = E¢(e-e") (250)

where the following flow law
eP=ys (251)
is used so that the foam does not expand transversely in uniaxial compression.

The hardening in this model comes from the densification stress

s?= f(e")Eve (252)

500 ! I ! I ! I ! I ! I ! I ! I

400 [ ]
& 300 i
2 I
) | elastic plateau densification i
% 200 [ region region region

100 [ -— i

0 1 1 1 1 1 1 1 1 1
0 20 40 60 80

% strain

Figure 21 Regions in uniaxial compression curve
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whereE! is the stiffness of the solid parent material composing the foam (Poisson’s effects are

small due to voidsk' is the logarithmic volumetric strain i.€.= In(J), andJ is the relative

volume {V/V, for homogenous deformation). The functiiget) is O for tensile volumetric strain. In

the compressive regiof{e’) is given by:

tan?(c €¥9) + tan?[c( €—€"Y)]
tan'(c €9) -1/ 2

This function varies from 0 &' = 0 to 1 ate¥ = €' where £ =In(J¥9) andJ"?is the lockup strain.

During uniaxial compression the foam does not strain transversely; therefore, the relative volume

Jequals the stretch such thit (L/L,) whereL is the current length of the specimen dnds the

initial length. Furthermorel= (L9 L,) whereL"¢is the length of the specimen at lockup: eJy

= 0.2 in Figure 21. The parametadetermines the transition to lockup as seen from Figure 22.

Higher density foams transition more smoothly whereas lower density foams transition more

abruptly. Therefore, by adjusting the parametgtse*®, andc most uniaxial compression data for

foam can be fit with this model.

f(ev) = (253)

2000 71

1500 o c =500 -
D --¢--c=50
&
@ 1000 —*—c=25 T
g
»

500 ]

% strain

Figure 22 Different rates of densification

In order to capture rate dependent effects, the following flow law is substituted for (250):

ep = Is ©=s <"

TN E (s¢-s¢<.) (254)
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where o, is the equilibrium stress given by the rate independent formulation in (246)-J251),
the relative volumen is the power law coefficient anglis some viscosity. For example, by substi-
tuting (254) into (250) gives the following equation for uniaxial compression in the 11 direction:

. 1 n+ )
0 + E(Ocll_ K<) '= E° €1 (255)

Details of this constitutive model and its implementation can be found in Puso (1995).

When large volumetric changes occur, the bulk viscosity can corrupt the calculation by artificially
increasing the “internal element pressure” and dissipating excessive amounts of energy, i.e. many
times more than is dissipated by the constitutive relationships. Consequently, it is recommended
that when a material is going to be substantially compacted that both hourglass viscosities be
decreased or set essentially to zero, Exd.0 , for that material.
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MATERIALS

Material Type 45 (DTRA Concrete/Geological Material)

Columns

1-10
11-20
21-30
31-40
41-50
51-60
61-70
71-80

1-10

11-20

21-30

31-40

41-50
51-60
61-70
71-80

1-10
11-20
21-30
31-40
41-50
51-60
61-70
71-80

Quantity

Format

Card 3

Card 4

Card 5

Poisson’s ratio

Unconfined tensile strength, f

Cohesion for max. failure surfaeg,

Max. failure surface coefficient,

Max. failure surface coefficient,
Compressive damage scaling expongnt,
Fractional dilatency,

Residual failure surface coefficient,

“Lambda stretch” factor, s: 0 for no stretch, 100 for
stretching inversely with rate enhancement.

Output selector for epx1 (Taurus comp. 7),
integer from 1 to 4, see text.

Exponenédrgp onn for post peak dilatency decay
(1 for linear drop, big for rapid drop)

Critical value for plastic volumetric strain failure.
An elemet fails and carries no stresses if its plastic
volumetric strain exceeds this value.

Not used

Load curve giving rate sensitivity

Not used

Number of points in-n  relation (must be 13)
First tabulated value of damage functipn, (=0)
2nd tabulated value of damage functign,

3rd tabulated value of damage function,

4th tabulated value of damage functign,

5th tabulated value of damage functiqn,

6th tabulated value of damage functign,

7th tabulated value of damage function,

8th tabulated value of damage functign,

E10.0
E10.0
E10.0
E10.0
E10.0
E10.0
E10.0
E10.0
E10.0

E10.0

E10.0

E10.0

E10.0
E10.0

E10.0

E10.0
E10.0

E10.0
E10.0
E10.0
E10.0
E10.0
E10.0
E10.0
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1-10 Card 6 9th tabulated value of damage functign, E10.0
11-20 10th tabulated value of damage functign, E10.0
21-30 11th tabulated value of damage functign, E10.0
31-40 12th tabulated value of damage functign, E10.0
41-50 13th tabulated value of damage functign, E10.0
51-60 Damage scaling coefficient for triaxial tensien, E10.0
61-70 Cohesion for initial yield surface, E10.0
71-80 Initial yield surface coefficierri1y E10.0

1-10 Card 7 First tabulated value of scale factor, E10.0
11-20 2nd tabulated value of scale factgr, E10.0
21-30 3rd tabulated value of scale factgr, E10.0
31-40 4th tabulated value of scale factgr, E10.0
41-50 5th tabulated value of scale factgr, E10.0
51-60 6th tabulated value of scale factgr, E10.0
61-70 7th tabulated value of scale factpr, E10.0
71-80 8th tabulated value of scale factgr, E10.0

1-10 Card 8 9th tabulated value of scale faatgr, E10.0
11-20 10th tabulated value of scale faaigy, E10.0
21-30 11th tabulated value of scale faciQy, E10.0
31-40 12th tabulated value of scale faaigy, E10.0
41-50 13th tabulated value of scale faaigy, E10.0
51-60 Tensile damage scaling exponent, E10.0
61-70 Residual failure surface coefficieat, E10.0
71-80 Initial yield surface coefficiend, E10.0

This material model was developed by Javier Malvar, Jim Wesevich, and John Crawford of
Karagozian & Case, and Don Simon of Logicon RDA (Malvar, et. al., 1996) in support of the
Defense Threat Reduction Agency’s (DTRA, formerly Defense Nuclear Agency) programs.

Plastic flow is governed by a failure surface whose compressive meridian is determined in part by
two of the three functions
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_ p o .
= + —r
Ao, = ay, A+ ayp (initial yield surface) (256)
_ p . .
= +
Ao, = & a+tap (maximum failure surface) (257)
Ao, = P (residual failure surface) (258)
arr taxp

After the stress point reaches the initial yield surface but before the maximum failure surface, the
current surface is obtained as a linear interpolation between the two:

Ao = n(Ao,-Aagy) + Ao, (259)

wheren varies from 0 to 1 depending on the non-decreasing damage parameter . After reaching
the maximum surface, the current failure surface is similarly interpolated between the maximum
and the residual:

Ao = n(Ao,—Ac,) + Ac,. (260)

The functionn()) is input as a series of exactly K3 ( ) pairs. The valuas of must start at 0 and
increase in sequence. The valuegof would normally begin at 0 when =0, increase to 1 at some
intermediate value = A, , andthen decrease to O at some larger value of . (This wouldgermit
sequentially to take on the values, Ac,, , aed )
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Damage scaling exponentsdnd B3 and “lambda-stretch” factor s affect plastic straining by
modifying the relation between increments of effective plastic strain

p_ ‘PP
de” = (2/3)8”-5ij (261)

and damage parameter . The incremental increase is

p
de p>0
[1+(s/100)(r {—1)](1+ p/1f,) !
d\ = L (262)
p
de <0

[1+(s/100)(r¢—1)](1+ p/rfft)bz

wherer; is the rate-enhancement factor gmglthe static unconfined tensile strength. Note that at
p=0, the denominator is a continuous function. In this way, the damage evolution can be different
in tension and compression, if needed. Note also that the factor in square brackets istiity if
andr; ifs=100. Thus setting=100 eliminates “lambda stretching.” Note also thiatexpressed

as a percentage, due to the way it was processed in its previous life.

With damage accumulation as just described, if an isotropic tension test were modeled, wherein the
pressure decreases from O tonvith no deviators, then no damage accumulation would occur. The

parametern would remain 0 and so woyld . The equation of state would decrease the pressure to
-f; but keep it at that level thereafter. To implement a pressure decay after isotropic tensile failure

(which we believe to be physically more realistic), a volumetric damage increment can be added
to the deviatoric damage whenever the stress path is “close” to the triaxial tensile test path, i.e., the

1
negative hydrostatic axis. The closeness to this path is measured by tl'lesﬂgﬁop , Which, for

example, is 1.5 for the biaxial tensile test. To limit the effects of this change to the paths close to
the triaxial tensile path, the incremental damage is multiplied by a fadiiven by

1_\ 33,/ 0g|,/33,/p| <0.1

fq= 0.1 (263)
0 , | /33,/p20.1

This modified effective plastic strain is incremented by
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AN = bsf ky(e,—€ (264)

v, yield)
whereb, = input scalar multipliek, = internal scalar multipligr, = volumetric strain, and

&, yiels= VOluMetric strain at yield. We have been using a valuefor ~ between 1.1 and 1.6; in fact
there are no direct data to select this parameter and the occurrence of stress states close enough to
the negative pressure axis for it to matter is extremely unlikely.

The fractional dilatancy paramet@r is the initial ratio of the plastic volume strain increment to
that which would occur if the plastic flow were fully associated in the hydrostatic plane. We have
been using values between 0.3 and 0.5. There are some test data to help calibrate this parameter but
we haven't finalized a best value for it yet. This value obtains until the stress point reaches the
maximum failure surface. As damage progresses further, the current value of must decay to zero
since dilatancy cannot proceed forever. Thus in this range the current, effective fractional dilatancy

is the initial valuew multiplied byy **edrop. If edrop=1, the post-peak dilatancy rate decays
linearly withn ; if edrop is large, the decay is rapid; and if edrop=0, decay is deferred until the
residual failure surface is reached.

Other Important Matters

This version of model 45 is intended for use only with EOS 8. We have not made any attempt to
maintain compatibility with other EOS’s; nor have we considered the effects of our modifications
to EOS 8 on its use with other material models.

There is an element output variable epx1 available through TAURUS as component 7, referred to
as effective plastic strain. We have provided four options for its contents, controlled by input
variable emr on Card 4. If emr=1, epx1 contains the current failure surface radius (at the current
strain rate and Lode angle). If emr=2, it contains a scaled damage measure given by

5= 2 265
o (265)
This goes from 0 to 1 to 2 as the failure surface migrates from initial yield to maximum failure to
residual failure respectively. We have found contour and fringe plots of this variable to be useful in
tracking the evolution of damage. If emr=3 or 4, it contaiiﬂs';i,- o of respectively. These may

be useful in identifying whether softening is occurring.

Rate-enhancement of the strength is defined by a factor , a strain-rate-dependent factor applied
radially (in stress space) to all points on the static failure surface to get the current one. It is input
as a single load curve; however rate-enhancement can be different in tension and compression. This
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is accomplished by inputting, as abscissas of the load curve, negative values of effective strain rate
for the tensile enhancement and positive values for compression. The abscissas must be entered in
ascending order and there cannot be more than 16 in total. If only positive abscissas are entered, a
single rate enhancement is used regardless of the stress state.

The sequence of events in fitting the model is up to the user and will depend on how much data are
available. After getting elastic and EOS parameters in conventional ways, we have generally
proceeded by next fitting the failure surface constants to best represent desired failure envelopes.
Thenx() andb, are found to best fit stress strain curves in triaxial compression at various confine-
ments. Finallyb, is set to give the desired failure energy in unconfined tension. If the computa-
tional model involves zones of different sizes, then diffesent  -values are needed if the tensile
failure energy per unit crack area is to be preserved.

The option for implicit reinforcement, which was in the LLNL version of the model, has been
removed. Note that this frees up a number of input variables, which could come in handy if any
user undertakes further revisions.

The LLNL version was coded with an eye toward vector processing: the subroutine processes up
to 128 elements on each call, and all repetitive operations are consigned to multiple “do” loops with
no internal logical branching. In the current version of the subroutine, we have not followed
through on this; in fact, many do loops have been consolidated. Users anticipating large runs on
vector-processing machines may want to reorganize the coding.
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Material Type 46 (Anisotropic Elastic)
Columns Quantity Format
1-10 Card 3 StiffnessC,;  (see Figure 1, Figure 2, and Figure 2) E10.0
11-20 StiffnessC,, E10.0
21-30 StiffnessC,; E10.0
31-40 StiffnessC,, E10.0
41-50 StiffnessC; E10.0
51-60 StiffnessCy, E10.0
61-70 StiffnessC,, E10.0
71-80 StiffnessC,; E10.0
1-10 Card 4 StiffnessC,, E10.0
11-20 StiffnessC,s E10.0
21-30 StiffnessCq E10.0
31-40 StiffnessCs; E10.0
41-50 StiffnessC,, E10.0
51-60 StiffnessCys E10.0
61-70 StiffnessCy E10.0
71-80 StiffnessC,, E10.0
1-10 Card 5 Stiffnes<C s E10.0
11-20 StiffnessCyq E10.0
21-30 StiffnessCss E10.0
31-40 StiffnessCsxg E10.0
41-50 StiffnessCgs E10.0
1-10 Card 6 Material axes definition option, AOPT E10.0
EQ.0.0: locally orthotropic with material axes determined by

element nodes; n,

, ang,  as shown in Figure 1.
Cards 7 and 8 must be blank with this option.
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EQ.1.0: locally anisotropic with material axes determined by a
point in spacd® and the global location of the element center,
as shown in Figure 1. Note thdit is parallel to the glabal -axis.
Card 8 below is blank.

EQ.2.0: globally anisotropic with material axes determined by
vectors defined on Cards 7 and 8. (See Figure 2).

EQ.3.0: applicable to shell elements only. This option determines
locally anisotropic material axes by offsetting the material
axisa by an angl@ from a line in the plane of the
shell determined by taking the cross product of the verctor
defined on Card 7 with the shell normal vector (See
Figure 2). The angl@ s defined on Card 8, and may be
overridden by specifying a value on the element card.

EQ.4.0: locally anisotropic with cylindrical material axes determined
by a pointP , located on the axis of revolution, and the vector
d, which parallels axis of revolution. (See Figure 2.)

1-10 Card 7 X, , define only if AOPT = 1.0 or 4.0 E10.0
11-20 Y, , define only if AOPT = 1.0 or 4.0 E10.0
21-30 z, , define only if AOPT = 1.0 or 4.0 E10.0

1-10 Card 7 a, , define only if AOPT = 2.0 E10.0
11-20 a, , define only if AOPT = 2.0 E10.0
21-30 a, , define only if AOPT = 2.0 E10.0

1-10 Card 7 v, , define only if AOPT = 3.0 E10.0
11-20 v, , define only if AOPT = 3.0 E10.0
21-30 v, , define only if AOPT = 3.0 E10.0

1-10 Card 8 d, , define only if AOPT = 2.0 or 4.0 E10.0
11-20 d, , define only if AOPT = 2.0 or 4.0 E10.0
21-30 d, , define only if AOPT = 2.0 or 4.0 E10.0

1-10 Card 8 Material angl@ , define only if AOPT=3.0 E10.0

(may be overridden on the element card)

The constitutive matrixC  that relates increments in global components of stress to increments in
global components of strain is defined as:
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C=T'CT, (266)

whereT is the transformation matrix between the local material coordinate system and the global
coordinate system. The inputted constitutive ma@rix  , defined in terms of the local orthogonal
material axes, b , and , relates the local engineering strajns€,, €c.c Yan Yoe Yac » ) tothe
local stressesd.a oy Gcc Gab Gbe Gac ), @nd is given by

Cll C12 C13 C14 C15 C16
C12 C22 C:23 C24 C:25 C26
CL — Cl3 C23 C33 C34 C35 C36 . (267)
C:14 C24 C34 C44 C45 C46
C15 C25 C35 C45 C55 C56

_C16 C26 C36 C46 C56 C6§

For shell elements, only a sub-set of the complete stiffness matrix is utilized, due to the plane stress
assumptions, and therefo@z Is defined as,

Cll C12 Cl3 C14
C12 C22 C23 C24
C. = Ci3 Cy3 Cy3 Cyy ’ (268)
CiuCyCyyCy 0 O
0 0 0 0 CgiCy

[0 0 0 0 CuCo

o O O
o O O

independent of the input.

A hyperelastic formulation is implemented for solid elements while a hypo-elastic formulation is
utilized for shell elements. Thus, differences in results may be exists between solid and shell
element models due solely to the constitutive implementation.

The stiffness matrix must be positive definite, or nonphysical energy growth may appear in the
solution.
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Finally, when orthotropic symmetry exists, the stiffness matrix, expressed in terms of the material

constants of the local orthogonal material system, is given by

ct

E. E E
Vabp l Veb
Ea Eb Ec

Vac Vpe 1
Ea Eb Ec
0 0O O
O 0 O
0 0O O

o

(269)
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Material Type 47 (MIG—Material Interface Guide)

Free format beginning at Card 3

MIG_Keywords
model input

MIG_Keywords
*

*

MIG DONE

List of Basic MIG Keywords and Model Input

Commands Comment
DYROTE Default rotation options, takes input from iorder of Control Card
DYELAS Hooke’s Law isotropic elasticit is Young’s modulus andis Poisson ratio
E v
DYIELD Norton-Hoff flow strength law,
ABCDDNMNmM
o; = [A+ B(é"n)][C(é‘)m][exp(—D/T)]. (270)
DPLAS Radial return plasticity algorithm
DYVISC Default DYNA3D hourglass viscosity
DYENER Default DYNA3D internal energy calculations
MIG DONE Terminate MIG model input

The DYNA3D MIG model implementation adapts the MIG Version 0.0 standard, as defined in the
Sandia Report SAND96-2000, into a material model which users are encouraged to employ for
defining their own material behaviors. In its current form, the MIG model has a set of predefined
basic capabilities: rotation options, elasticity, nonlinear flow strength, radial-return plasticity,
artificial viscosity with minimum time step and internal energy. These capabilities allow users to
study and test the DYNA3D/MIG implementation so that they may better understand how to create
and modify the material behavior they need to model. By adhering to the MIG standard, code
developers can more easily incorporate new material models into DYNA3D which are also then
more portable to other numerical simulation codes. MIG ASCII text files are not used as input by
DYNAZ3D. Instead they are used as an aid to the MIG model installer.
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Material 47 is actually a model which organizes and executes the collection of MIG models for
DYNA3D. MIG material models are subdivided into ten categories (Table 3) to allow for flexible
and modular code development and usage. Six of the ten categories have predefined MIG models
which users can test and use as is. The current categories correspond to the execution order within
Material 47. Four of the ten categories are essential routines which are executed automatically
unless there is a user override. The DYNA3D source contains subroutines for the six example
categories indicated in the table. All MIG source subroutines are prefixed with mig_. Code devel-
opers should only have to modify mig_* subroutines to implement new models.

Table 3: DYNA3D MIG Model Categories

Category Essential Example
1) Rotation * *
2) Elasticity * *
3) Yield Stress *
4) Plasticity *

5) Fracture and Failure

6) Temperature

7) EOS1

8) Atrtificial viscosity and time step * *
9) Internal energy * *
10) EOS2

The MIG model uses free formatting for entering input parameters. MIG_Keywords identify each
of the MIG models in use. Input parameters specific to the MIG model are entered beginning on
the next line after the MIG_Keyword. The “MIG DONE” keyword is used to terminate the input.
The simplest example of Material 47 is:

Card 1 (standard)
Card 2 (standard)
DYELAS

30.0e6 0.3

MIG DONE

Report UCRL #### provides additional information on the use and development of MIG material
models.
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Material Type 48 (Visco-Elastic with Statistical Crack Mechanics)

Manual pages to be completed
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Material Type 49 (LANL Hyperfoam material)

Manual pages to be completed
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Material Type 50 (Braided Composite Model with Damage)
Columns Quantity Format
1-10 Card 3 Longitudinal modulug, E10.0
11-20 Transverse modulus, E10.0
21-30 Longitudinal-transverse Poisson’s ratig, E10.0
31-40 Longitudinal-transverse shear modulus, E10.0
41-50 Transverse-transverse shear moduylys, E10.0
51-60 Longitudinal-transverse shear modulus, E10.0
61-70 Material orientation optioAOPT E10.0
EQ.0.0: locally orthotropic with material axes determined by
element nodes; n, ,and as shown in Figure 1.
Cards 7 and 8 must be blank with this option.
EQ.3.0: applicable to shell elements only. This option determines
locally anisotropic material axes by offsetting the material
axisa by an angl@ from a line in the plane of the
shell determined by taking the cross product of the vector
defined on Card 7 with the shell normal vector (See
Figure 2). The angl@ is defined on Card 8, and may be
overridden by specifying a value on the element card.
71-80 Plot variable optiolOPT E10.0
1-10 Card 4 Reference yield stress, E10.0
11-20 Reference straig, E10.0
21-30 Strain hardening exponent, E10.0
31-40 Transverse tensile strengihye, E10.0
41-50 Transverse tensile damage eneﬁ;yr, E10.0
51-60 Transverse tensile saturation stréssgren E10.0
61-70 First transverse damage shear fa@gy, E10.0
71-80 Second transverse damage shear fdotgr, E10.0
1-10 Card 5 Transverse compressive failure st&im, E10.0
11-20 Transverse compressive damage enélg(yﬂp E10.0
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21-30 Transverse compressive saturation stt®ssomp E10.0
31-40 Transverse shear yield factor, E10.0
41-50 Transverse shear failure factar, E10.0
51-60 Minimum time-step for element deletidkt,,;, E10.0
1-10 Card 6 Fiber tensile failure stragjye, E10.0
11-20 Fiber tensile damage enerf., E10.0
21-30 Fiber tensile shear damage factor, E10.0
31-40 Fiber tensile saturation stress,ren E10.0
41-50 Fiber compressive failure straffigom, E10.0
51-60 Fiber compressive damage enefdy,m, E10.0
61-70 Fiber compressive saturation Str&&g,comp E10.0
1-10 Card 7 Fiber direction visualization fld&gyis E10.0

EQ.0.0:Default

EQ.1.0: step debug run. Stress componextyy,andzz,
andxy, yz,andzxhold the material direction
vectorsa andb, respectively.

11-20 Fiber direction characteristic length, E10.0
EQ.0.0: regularized by element size (default)
GT.0.0: fixed fiber-direction regularization length

21-30 Transverse direction characteristic length, E10.0
EQ.0.0: regularized by element size (default)
GT.0.0: fixed transverse-direction regularization length

31-40 Kinematic formulationfdrm E10.0
EQ.0.0: hypoelastic formulation (default)
EQ.1.0: hyperelastic formulation

1-10 Card 8 v, , define only if AOPT = 3.0 E10.0
11-20 v, , define only if AOPT = 3.0 E10.0
21-30 v, , define only if AOPT = 3.0 E10.0
31-60 Blank E10.0
61-70 Material offset anglé} E10.0

Material model 50 is a progressive damage model applicable to a wide variety of fiber-reinforced
composite material (Zywicz, 1997). The model uses lamina properties to track both tensile and
compressive damage. Note, transverse direction material properties are hatted.
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Within the material framework, the fiber direction is aligned with the 1-axis and the transverse
direction is aligned with the 2-axis. The lamina is idealized as transversely isotropic, but with
independent shear properties. It plastic response is governed by the generalized Hill yield surface

@ = /S *Pes —G(g") (271)
where
a
a —00d
a

P:‘§5000 (272)

0 0100

0 00pO

(0 0001
G(E") = o,(1L+&"/¢,)" (273)
p=4+aqa (274)
a = ((G(E"))/0,)’ (275)

Here€® represents the equivalent plastic str@jn,  is the axial compressive yield strength (deter-
mined frome,m, and the plasticity parameters), and prior to the onset of compressive failure,
plasticity does not occur in the fiber direction, iceg1 & 5 1 , prd . Curve fitting the
compressive transverse response is the best way to obtain the plasticity vagjables n. , and
Subsequent curve fitting of the shear response allows determination of

Tensile damage is tracked in two directions, the fiber and transverse directions, and is modeled as
as increase in the elastic compliance. Under uniaxial loading in either the fiber or transverse direc-
tions, the stress-strain curve appears tri-linear as shown in Figure 23. The initial portion uses the
inputted elastic constants until either the tensile failure strain (for fiber direction) or stress (for
transverse direction) is reached. In the second region, the compliance is enhanced and the material
softens. The slope is determined such that the dissipated energy by the element is a furfetion of
and the element size. In the absence of a saturation stress, the softening curve intersects the abscissa
at €.,.. To prevent numerical problems, a saturation region is included and the softening region is
altered slightly to produce a continuous stress-strain response. (In general, the saturation stress
should be set to a small value of the failure stress.) During elastic unloading and loading in either
the softening or saturation regions, the secant modulus is used.
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€ Ten €max

Figure 23
Schematic stress-strain response for model 50

Tensile damage in the fiber-direction initiates when the fiber-direction strain exgegds and
increases both the fiber-direction and inplane shear compliances. Compliance enhancement of the
the later term ig times the amount added to the formed term. Thusl and can often be
reasonably approximated as zero.

Tensile damage in the transverse direction is controlled by the damage surface

9 = 5 *Mes —6fTen[(l—5)ExpL—ad—,‘ +6} (276)
where
000 0 (
01 0 0 (
M=lo00D, 0 O (277)
00 0 D O
000 0 ¢
(278)

dis the internal damage variablé, is a normalization constant dependent upon element size and
Qren, andd = @” . Transverse damage increases the normal (22) and shear (44 and 55)
compliance con?&%?]ents. The shear weidghis 2pd are easily obtained from off axis tests,
andDss; can be reasonably approximated equBl,to
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Compressive damage is also tracked in two directions, but is modeled as plastic flow. Pure uniaxial
compression in either the fiber or transverse directions would yield a stress-strain curve similar to
that shown in Figure 23. In the fiber direction, compressive failure beginsaahen;com, and
mathematically increases in an irreversible manner with damage. The evolution of  is
controlled bye,, , the element size, aft,,, . The saturation stress is influenced by many factors,
butis typically between 0.2 and 0.8 0fc,mp = Eii€icomp - INthe transverse direction, compressive
damage begins whei> &comp, , Where

£ JSWW—“”}"‘Q””) +vivh (279)

and increased in an irreversible manner dependent&ipQaoms , and element size.

The model contains several other non-material related options. By défault, s placed in the
equivalent plastic strain slot. However, as described in Zywicz (1997), other internal variables can
be placed in the equivalent plastic strain slot. To reduce computational costs, elements whose time-
step size drops belo#t,,,, can automatically be deleted from the calculation by prescribing a non-
zero value tad\t,,;, . To verify the correct material orientation, the fiber directions can be outputted

in adebug run. Using GRIZ's vector plotting capability, the stress comporgnts, , o,2and  can
be used to construct the fiber-direction vector. The default constitutive framework is a hypoelastic
formulation which updates the stresses based upon the symmetric part of the velocity gradient.
However, a hyperelastic framework which derives the strains from the deformation gradient can
also be used. Care should be used when curve-fitting unknown constants since their value depends
upon which formulation is employed.

The present implementation internally regularizes the constitutive model during initialization to
eliminate mesh dependency based upon the element size. For example, it assumes that a single
fiber-direction crack forms in the middle of the element and adjusts the internal softening modulus
such that the total energy dissipated in damage by the element equals the postulated “crack area”
timesQ+., . When the elementis too large, itis not possible to regularize the constitutive law. When
this happens, a warning is printed to the screen and a detailed report is includdtsm fite

The user may chose to, in part, circumvent the regularization. This can be done by prescribing non-
zerovaluestd; anll ,thefiber- and transverse-direction characteristic length, respectively. When
thisis done); andél are used to regularize the constitutive model instead of the actual element
dimensions. In this case, the results are not mesh independent.
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Material Type 56 (Uni-Directional Elasto-Plastic Composite)

Columns

1-10
11-20
21-30
31-40

41-50

1-10
11-20
21-30
31-40
41-50
51-60

1-10

Quantity Format
Card 3 Matrix Young's modulug,, E10.0
Matrix Poisson’s ratia),, E10.0
Matrix Yield stress coefficierk, E10.0
Matrix strain hardening exponent, E10.0
n can not be 1.0.
Optionale, E10.0
Card 4 Fiber longitudinal Young’s modulis, E10.0
Fiber transverse Young’s modul&s, E10.0
Fiber longitudinal-transverse Poisson’s ratip, E10.0
Fiber transverse-transverse Poisson’s ragio, E10.0
Fiber longitudinal-transverse shear modulys, E10.0
Fiber volume fractiony; E10.0
Card 5 Blank
Card 6 Material axes definition option, AOPT E10.0
EQ.0.0: locally orthotropic with material axes determined by
element nodes,; n, ,ang as shown in Figure 1.
Cards 7 and 8 must be blank with this option.
EQ.1.0: locally anisotropic with material axes determined by a
point in spacd® and the global location of the element center,
as shown in Figure 1. Note thdit is parallel to the glabal -axis.
Card 8 below is blank.
EQ.2.0: globally anisotropic with material axes determined by
vectors defined on Cards 7 and 8. (See Figure 2).
EQ.4.0: locally anisotropic with cylindrical material axes determined

by a pointP , located on the axis of revolution, and the vector
d, which parallels axis of revolution. (See Figure 2.)
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11-20 Plot optionPOPT E10.0
EQ.0.0: defaultPOPT=2)
EQ.1.0: Matrix stress in fiber direction
EQ.2.0:  Fiber direction strain
EQ.3.0: Equivalent plastic strain

21-30 Debug optioDOPT E10.0
EQ.0.0: Default
EQ.1.0: 1-step debug run. Stress componextgy,andzz and
Xy, yz,andzx hold the material direction vectaasandb,

respectively.

1-10 Card 7 X, , define only if AOPT = 1.0 or 4.0 E10.0
11-20 Y, , define only if AOPT = 1.0 or 4.0 E10.0
21-30 Z, , define only if AOPT = 1.0 or 4.0 E10.0

1-10 Card 7 a, , define only if AOPT = 2.0 E10.0
11-20 a, , define only if AOPT = 2.0 E10.0
21-30 a, , define only if AOPT = 2.0 E10.0

1-10 Card 7 v, , define only if AOPT = 3.0 E10.0
11-20 v, , define only if AOPT = 3.0 E10.0
21-30 v, , define only if AOPT = 3.0 E10.0

1-10 Card 8 d, , define only if AOPT = 2.0 or 4.0 E10.0
11-20 d, , define only if AOPT = 2.0 or 4.0 E10.0
21-30 d, , define only if AOPT = 2.0 or 4.0 E10.0

This model depicts the behavior of a moderate to high fiber volume fraction uni-directional
composite. The fiber is assumed transversely isotropic and the matrix’s behavior is elasto-plastic
with nonlinear isotropic matrix strain hardening given by a power law expression. The yield
condition can be written

@ =0-0,8&", (280)
whered is the effective matrix stress aagl  is the current yield stress. The hardening law has the
form

o, = k(g +£")", (281)

whereg, , if undefined, is the initial yield strain given by
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1
E n-1
€=y - (282)

The fiber orientation is advected with deformation.

This model is generally applicable to uni-directional composites with a polymeric matrix. It
employes a geometric independent idealization. Namely, it assumes that the fiber direction strain
in constant in both the fiber and matrix. In the other directions, the stress is the same in both the
fiber and matrix. This simple idealization reasonably predicts elasto-plastic results for many glass-
, carbon-, or graphite-epoxy composites.

During initialization, the effective transversely isotropic elastic composite properties are printed in
thehsp file. Thus, by selectively altering either the fiber or matrix properties, the composite
properties can be tuned to specified values.
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Material Type 57 (An upcoming material model from LANL)

Manual pages to be completed
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EQUATION OF STATE DEFINITION

An equation-of-state defines the volumetric behavior of a material, and must benigadcombi-
nation with a hydrodynamic material model for solid elements.

Define equation-of-state cards only for Material Types 8, 9, 10, 11, 15, 16, and 17.

Card 9
Columns Quantity Format
1-72 Equation-of-state identification 12A6

This equation-of-state title will appear in the printed output. It is often helpful to use this heading
to identify the physical material for which the DYNA3D equation of state model was constructed.
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Cards 10, . ..

Equation-of-State Form 1 (Linear Polynomial)

Columns Quantity Format
1-10 Card 10 Pressure constang, C E10.0
11-20 Linear compression coefficieng C E10.0
21-30 Quadratic compression coefficieng, C E10.0
31-40 Cubic compression coefficieng C E10.0
41-50 First energy coefficient4C E10.0
51-60 Second energy coefficieng C E10.0
61-70 Third energy coefficient,sC E10.0

71-80 Initial internal energyg, E10.0

1-10 Card 11 Initial relative volumaé/, E10.0

The linear polynomial equation-of-state is linear in internal energy. The pressure is given by:

p = Co+ Cip + Copt? + Cop® +(Cy + Cop + Cep?) E (283)
where the excess compressipn is given by
= & -1, (284)
E is the internal energyy is the current density, @agd  is the initial density. The tension-limited
excess compressign is given by
i = max,DO0). (285)
Relative volume is related to excess compression and density by

V:—i_:

T (286)

o2

This equation-of-state is linear in internal energy, and may be used to fit experimental data for
many materials. IC; = K (the elastic bulk modulus) and all oer 0 , then linear elastic
volumetric response is obtained.

This form of equation-of-state was adapted from that discussed in (Woodruff, 1973).
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Equation-of-State Form 2 (JWL)

Columns Quantity Format
1-10 Card A E10.0
11-20 B E10.0
21-30 R, E10.0
31-40 R, E10.0
41-50 w E10.0
51-60 Initial internal energyg, E10.0
61-70 Initial relative volumey, E10.0

The JWL equation-of-state defines the pressure as

w RV w _rv . WE
— +Bl——— e +—
RVt © ETRWES v

whereV is relative volume artd is internal energy.

p=Al- (287)

The JWL equation of state is often used for detonation products of high explosives. Additional
information in given in (Dobratz, 1981).
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Equation-of-State Form 3 (Sack)

Columns Quantity Format
1-10 Card 10 A, E10.0
11-20 A, E10.0
21-30 A; E10.0
31-40 B, E10.0
41-50 B, E10.0
51-60 Initial internal energyg, E10.0
61-70 Initial relative volumey, E10.0

The Sack equation-of-state defines prespure as

— A3 —A,V Bl BZ
p = V—Ale 2 Ll_v* +VE, (288)

whereV is relative volume arted is the internal energy.

This equation-of-state form is often used for detonation products of high explosives, and was
adapted from (Woodruff, 1973).
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Equation-of-State Form 4 (Gruneisen)

Columns Quantity Format
1-10 Card 10 Velocity curve intercefd, E10.0
11-20 First slope coefficieng, E10.0
21-30 Second slope coefficiels, E10.0
31-40 Third slope coefficieng, E10.0
41-50 Gruneisen coefficieny, E10.0
51-60 First order volume correction coefficieat, E10.0
61-70 Initial internal energ\g, E10.0
71-80 Initial relative volumey, E10.0

The Gruneisen equation-of-state with cubic shock velocity-particle velocity defines pressure for
compressed materialg &0 ) as

Yo a
poC?| 1+, 1- 2 u -2y

o= u22 =t (ot aE (289)
L-&-Du-Sgh st
and for expanded materialg € 0 ) as
P = PoC?H+ (Yo +ap)E, (290)

whereC is the intercept of the shock velocity vs. particle velooityv, )cudves, , Hnd
are the coefficients of the slope of thig-v,  curyg, isthe Gruneisen gamma, and is the first
order volume correction tg, . The excess compregsion is defined by
n=L_1, (291)
Po
wherep is the current density apg  is the initial density.

The implementation of the Gruneisen equation-of-state is adapted from (Woodruff, 1973).
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Equation-of-State Form 5 (Ratio of Polynomials)
Columns Quantity Format
1-16 Card 10 A E16.0
17-32 A, E16.0
33-48 Ap, E16.0
49-64 A E16.0
1-16 Card 11 Ay E16.0
17-32 Ay E16.0
33-48 A E16.0
49-64 Ay E16.0
1-16 Card 12 Ao E16.0
17-32 Az E16.0
33-48 A, E16.0
49-64 A E16.0
1-16 Card 13 A E16.0
17-32 Ay E16.0
33-48 A, E16.0
49-64 A E16.0
1-16 Card 14 Aso E16.0
17-32 Ay E16.0
33-48 As, E16.0
49-64 Ass E16.0
1-16 Card 15 Aso E16.0
17-32 Ag E16.0
33-48 Ag, E16.0
49-64 Acs E16.0
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Columns Quantity Format
1-16 Card 16 Az E16.0
17-32 Az, E16.0
33-48 Az E16.0
49-64 Ass E16.0
1-16 Card 17 a E16.0
17-32 B E16.0
33-48 Ay E16.0
49-64 A,y E16.0
1-16 Card 18 Initial internal energl, E16.0
17-32 Initial relative volumey,, E16.0

The ratio of polynomials equation-of-state defines the pressure as

_ Fy+F,E+F;E2+F,E3
"~ Fs+FE+FE?

(1+ap) (292)

where the each of thle;,  are polynomials in terms of the excess compyession  of the form
Fi = ZAikllk (293)
k=0
with n = 4 for F, andF, ,andh = 3 forF; througlfr, . The excess compression is defined

by
p=L_1, (294)
Po
wherep is the current density apgl  is the initial density.

In expanded elementgt &0 B, in (292) is replacedrby , where is defined by
Fi=F.+ Buz. (295)

This equation-of-state was adapted from (Woodruff, 1973).
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Equation-of-State Form 6 (Linear Polynomial with Energy Deposition)

Columns Quantity Format
1-10 Card 10 Pressure constany, E10.0
11-20 Linear compression coefficie, E10.0
21-30 Quadratic compression coefficie@, E10.0
31-40 Cubic compression coefficief; E10.0
41-50 First energy coefficieng, E10.0
51-60 Second energy coefficied; E10.0
61-70 Third energy coefficienGg E10.0
71-80 Initial internal energyg, E10.0
1-10 Card 11 Initial relative volume&/, E10.0
11-20 Load curve number giving energy deposition fa, E10.0

This equation-of-state form is similar to equation-of-state form 1 except that this form allows
internal energy to be deposited into the material at a specified rate. The pressure is given by:
p = Co+ Cip + Copt? + Cop® +(Cy + Cop + Cep?) E (296)
where the excess compressipn is given by
=P _1 297
Po (297)
E is the internal energyy is the current density, @gd  is the initial density. The tension-limited
excess compressign  is given by

i = max,DO0). (298)
Relative volume is related to excess compression and density by
-1 _ P
VvV = T p (299)
Internal energy is added into the material at a rate specified by load t@ve . This feature allows

energy transfer mechanisms to be included which are not considered in detail in the analysis model.

This equation-of-state is linear in internal energy, and may be used to fit experimental data for
many materials.
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Equation-of-State Form 7 (Ignition and Growth of Reaction in HE 2-Term)

Columns

1-10
11-20
21-30
31-40
41-50

1-10
11-20
21-30
31-40
41-50

1-10
11-20
21-30
31-40
41-50

1-10
11-20
21-30
31-40

1-10
11-20
21-30

Quantity Format
Card 10 A, E10.0
B, E10.0
Rip E10.0
Rap E10.0
Second ignition coefficien E10.0
Card 11 W,Cp E10.0
A, E10.0
B. E10.0
W.Ce E10.0
Rie E10.0
Card 12 Roe E10.0
Critical fraction reactedk.;; , (usually = 1.0) E10.0
First ignition coefficient, E10.0
Growth coefficient E10.0
Pressure exponeat, E10.0
Card 13 Unreacted fraction exponent, E10.0
Reacted fraction exponent, E10.0
Heat capacity of reaction products E10.0
Heat capacity of unreacted Hf, E10.0
Card 14 Product compression exponent,  (often 0 E10.0
Initial energy of HE per unit volumE, E10.0
Initial temperaturel, (iﬁK ) E10.0
Card 15 Blank
The pressure in the unreacted HE is given by a JWL equation of state,
Pe = Ay l-— R?:\e/e" g ey B, 1— stle’f g Ve + w\f}—fe , (300)
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and the pressure in the reaction products is defined by another JWL equation of state,

w Ry Vv w w,E

1-—L2 e "P+B,1——>L- e s+ 2P 301

"t Rlpvp* "t RZPVPJf o VP ( )
wherep isthe pressur¥, isthe relative volume, Bnd is the internal energy. Sulescript denotes
guantities applicable to the unreacted HE, and subsgript indicates quantities applicable to reacted

HE products.

Pp = A

The mixture of unreacted explosive and reaction products is defined by the fraction feacted,

(F = 0 indicates no reaction, while = 1  indicates complete conversion from explosive to
products). The pressures and temperature are assumed to be in equilibrium and the volumes are
assumed to be additive,

V = (1=F)V,+FV,. (302)

The reaction rate is given by

F = 1(Fen—F)Y(Vat— 1)1+ G(Vat—1)] + H(L—F)YF*P¥(V;i—1)" . (303)

This equation-of-state is based in part on work reported in (Woodruff, 1973). The JWL equations
of state and the reaction rates have been fitted to one- and two-dimensional shock initiation and
detonation data for four explosives: PBX-9404, RX-03-BB, PETN, and cast TNT. The details of
the calculational method are described in (Cochran and Chan, 1979). The detailed one-dimensional
calculations and parameters for the four explosives are given in (Lee and Tarver, 1980).
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Equation-of-State Form 8 (Tabulated with Compaction)

Columns

1-16
17-32
33-48
49-64
65-80

1-16
17-32
33-48
49-64
65-80

1-16
17-32
33-48
49-64
65-80

1-16
17-32
33-48
49-64
65-80

1-16
17-32
33-48
49-64
65-80

1-16

Quantity Format
Card 10 €1 E16.0
€ E16.0
€vs E16.0
€va E16.0
Evs E16.0
Card 11 €6 E16.0
€7 E16.0
Evs E16.0
€vo E16.0
€v10 E16.0
Card 12 C, E16.0
C, E16.0
C; E16.0
C, E16.0
C, E16.0
Card 13 Cs E16.0
C, E16.0
Cs E16.0
C, E16.0
Cuo E16.0
Card 14 First temperaturg, E16.0
Second temperaturg, E16.0
T, E16.0
T, E16.0
T, E16.0
Card 15 Te E16.0
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Columns Quantity Format
17-32 T, E16.0
33-48 Tg E16.0
49-64 T, E16.0
65-80 Tenth temperatur@,,, E16.0

1-16 Card 16 First unloading bulk modulis, E16.0
17-32 Second unloading bulk moduliss, E16.0
33-48 Ks; E16.0
49-64 K, E16.0
65-80 Ks E16.0

1-16 Card 17 Ke E16.0
17-32 K, E16.0
33-48 Kag E16.0
49-64 Ko E16.0
65-80 Tenth unloading bulk modulus,, E16.0

1-16 Card 18 % E16.0
17-32 Initial internal energ\g, E16.0
33-48 Initial relative volumey, E16.0

Pressure is positive in compression, and volumetric stfain  is positive in tension. The tabulated
compaction model is linear in internal energy. Pressure is defined by

p = C(e,) +YT(e))E (304)
during loading (compression). Note that in (302fe,) denotes a function evaluation, not a multi-
plication. Thus, the input coefficien®  have the units of pressure. Unloading occurs at a slope
corresponding to the bulk modulus at the peak (most compressive) volumetric strain, as shown in
Figure 24. Reloading follows the unloading path to the point where unloading began, and then
continues on the loading path described by (304).

The volumetric strain is found from the relative voluxhe as
e, = In(V). (305)
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The tabulated functions may contain from 2 to 10 points, and the model will extrapolate (using the
last two points) to find the pressure if required.

" - —
8V 8V 8V —SV
Peut

Figure 24
Pressure vs. volumetric strain curve for equation-of-state Form 8 with compaction. The

unloading bulk moduluK depends on the peak volumetric strain. The tensiop.|[imit IS
defined in the material model definition. Ngite is positive in compressioreand  is positfve in
tension.
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Equation-of-State Form 9 (Tabulated)

Columns

1-16
17-32
33-48
49-64
65-80

1-16
17-32
33-48
49-64
65-80

1-16
17-32
33-48
49-64
65-80

1-16
17-32
33-48
49-64
65-80

1-16
17-32
33-48
49-64
65-80

Quantity Format
Card 10 €1 E16.0
€ E16.0
€vs E16.0
€va E16.0
Evs E16.0
Card 11 €6 E16.0
€7 E16.0
Evs E16.0
€vo E16.0
€v10 E16.0
Card 12 C, E16.0
C, E16.0
C; E16.0
C, E16.0
C, E16.0
Card 13 Cs E16.0
C, E16.0
Cs E16.0
C, E16.0
Cuo E16.0
Card 14 First temperaturg, E16.0
Second temperaturg, E16.0
T, E16.0
T, E16.0
T, E16.0
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Columns Quantity Format
1-16 Card 15 Te E16.0
17-32 T, E16.0
33-48 Te E16.0
49-64 T, E16.0
65-80 Tenth temperatur@,,, E16.0
1-16 Card 16 % E16.0
17-32 Initial internal energyg, E16.0
33-48 Initial relative volumey, E16.0

Pressurg is positive in compression, and volumetric segin  is positive in tension. The tabulated
compaction model is linear in internal energy. Pressure is defined by

p = C(e) +YT(e)E , (306)
whereE is internal energy. Note that in (30€) €,) denotes a function evaluation, not a multipli-
cation. Thus, the input coefficien®s  have the units of pressure.

The volumetric strain is found from the relative volushe as
e = In(V). (307)

The tabulated functions may contain from 2 to 10 points, and the model will extrapolate to find the
pressure if required.
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Equation-of-State Form 10 (Not Available)

Columns Quantity Format

Equation-of-state form 10 is not used in this version.
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Equation-of-State Form 11 (Pore Collapse)

Card 10
Columns Quantity Format
1-5 Number of Virgin Loading Curve pointsiLD 15
6-10 Number of Completely Crushed Curve poilN§&R 15
11-20 Excess Compression required before any pores can cojlapse, E10.0
21-30 Excess Compression point where the Virgin Loading Curve and the E10.0
Completely Crushed Curve interseat,

31-40 Initial Internal Energyk, E10.0
41-50 Initial Excess Compressiqgm, E10.0

Virgin Loading Curve Definition

Cards 11 thru NLD+10

Columns Quantity Format
1-15 Excess Compression, E15.0
16-30 Corresponding pressure, E15.0

Continue on additional Virgin Loading Curve Definition Cards untiNdlID pairs have been
defined.

Completely Crushed Curve Definition

Cards NLD+11 thru NLD+NCR+10

Columns Quantity Format
1-15 Excess Compression, E15.0
16-30 Corresponding pressure, E15.0
Continue on additional Completely Crushed Curve Definition cards unNl@R points have

been defined.
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The Pore Collapse equation-of-state is based on (Burton, 1982) and uses two curves: the virgin
loading curve and the completely crushed curve, as shown in Figure 25. Two critical points are
defined: the excess compression point required for pore collapse tojoegin (), and the excess
compression point required to completely crush the mateqral (). From this data and the maximum
compression the material has attainggd.( ), the pressure for any excess compression can be
determined. Unloading occurs along the virgin loading curve until the excess compression
surpassefl; . After that, the unloading follows a path between the completely crushed curve and
the virgin loading curve. Reloading will follow this curve back up to the virgin loading curve. Once
the excess compression excepgs , then all unloading will follow the completely crushed curve.

A

P

Virgin Loading Curve

Completely Crushed Curv

H H >
Hq Ho U
Figure 25

Pressure vs. excess compression for the Pore Collapse equation-of-state. The partially crushed
curve lies between the Virgin Loading Curve and the Completely Crushed Curve.

For unloading betweep, ampd  a partially crushed curve is determined by the relationship:

(1+|J'B)(1+u)_1* , (308)

Pocl) = Pegy ™7

where
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He = Pcz(Pmax) (309)
is the excess compression corresponding to a pressurg, of on the completely crushed curve. In
the above, subscrigic  refers to the partially crushed state and sulescript  refers to the
completely crushed state.

In terms of the relative volumé

_ 1
V = Trp (310)
_ Vg
ppc(v) - pchTV* . (311)
Thus, for a fixedV i, = m 1+ 1 , the partially crushed curve will separate linearly from the

completely crushed curve & increases to account for pore recovery in the material.

The bulk moduluK is determined as one plus the excess compression times the slope of the
current curve,

K = (1+p)g—5. (312)

It then follows that the slope for the partially crushed curve is

0p _ (1+Hg) 0pee (L+He)(1+p) (313)

O L1+Hmex OHE (14ppa) 1
The bulk sound speed is determined from the slope of the completely crushed curve at the current
pressure to avoid instabilities. The virgin loading and completely crushed curves are modeled with
monotonic cubic splines. An optimal vectorized interpolation scheme is then used to evaluate the
cubic splines as required during the solution. The bulk modulus and sound speed are derived from
a linear interpolation on the derivatives of the cubic splines.
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Equation-of-State Form 13 (Ignition and Growth of Reaction in HE 3-Term)

Columns

1-10
11-20
21-30
31-40
41-50

1-10
11-20
21-30
31-40
41-50

1-10
11-20
21-30
31-40
41-50

1-10
11-20
21-30
31-40
41-50

1-10
11-20
21-30
31-40
41-50
51-60

Quantity Format
Card 10 Rip E10.0
Rop E10.0
Rs; E10.0
Rep E10.0
Second ignition coefficiert, E10.0
Card 11 Rsp E10.0
=3 E10.0
Roe E10.0
Rse E10.0
Rse E10.0
Card 12 Rse E10.0
Fmax ig E10.0
Fq E10.0
G, E10.0
m E10.0
Card 13 a E10.0
S E10.0
Heat capacity of reaction products, E10.0
Heat capacity of unreacted HE, E10.0
n E10.0
Card 14 Cerit E10.0
Q, E10.0
Initial temperaturel, (ir°1K ) E10.0
Minimum fraction reactedcut E10.0
Tolerance for pressure iteratigripl E10.0
Maximum reaction per cyclehi E10.0
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Columns Quantity Format

1-10 Card 15 G, E10.0
11-20 a, E10.0
21-30 S, E10.0
31-40 n E10.0
41-50 F max ar E10.0
51-60 Fmin ar E10.0

Equation of State Form 7 was developed by Tarver et. al. and is used to calculate the shock initi-
ation and detonation wave propagation of solid high explosive materials. It should be used instead
of the programmed burn (ideal burn) options whenever:

» there is a question whether the high explosive will react,

» there is a finite time required for a shock wave to build up to cause detonation,

» there is a finite thickness of the chemical reaction zone in a detonation wave.

At relatively low initial pressures (less than 2 or 3 GPa), this equation of state should be used with
DYNA3D Material Type 10 (elastic-plastic hydrodynamic) for an accurate calculation of the stress
state in the unreacted HE. At higher initial pressures, the deviatoric stress state in the HE is less
important and Material Type 9 (fluid) may be used at lower cost.

In the following description, a subscript “e” denotes quantities for the unreacted explosive, a
subscript “p” denotes quantities for the reaction prodygts, is the predsure, is the relative

volume, andl' is the absolute temperature.

The pressure in the unreacted explosive is given by a JWL equation of state,

Pe = Rye€ eV + RyeeeeVe + Re.e\TTe (314)
whereR;. is a given constant related to the specific tigat and JWL parameter by
RSe = WeCye. (315)
The pressure in the reaction products is defined by another JWL equation of state,
3, = Ry € + R, e7er’n + R3p\%, (316)
f

andR;, is a given constant related to the specific heat and JWL parameter as above.
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As the chemical reaction converts unreacted explosive to reaction products, these JWL equations
of state are used to calculate the pressure in the mixture. This mixture is defined by the fraction
reactedF ,wher& = 0 represents no reaction (all explosiveJard1.0 represents complete
reaction (all products). The temperatures and pressures of reactants and products are assumed to
be in equilibrium (i.e.T. = T, ang. = p, ), and the relative volumes are additive,

V = (1-F)V,+V,. (317)

The assumed form of the chemical reaction rate for conversion of unreacted explosive to reaction
products consists of three physically realistic terms: an ignition f&fm  which models the reaction
of a small amount of explosive soon after the shock wave compresses it, a slow growth of reaction
term F, which models the spread of this initial reaction, and a rapid completion of reaction term
Fs which dominates at high pressure and temperature. The assumed forms for the reaction rate is
then

oF

E = F1+F2+F3, (318)
where the ignition term is given by
. F 1 n
Fi= Fq(l_F) r|:\7_]-_Ccrit:| ) (319)
the growth term is given by
F, = G,(1-F)*F%pm, (320)
and the completion term is given by
Fs = Gy(1-F)%F%p, (321)

andF, ,F, ,Cciy ,n .Gy 81 a4 MG 5, & ,and are given constants.

The ignition rate-, is set to zero whére Fmaxig - the growth term is set to zero when
F = F .. or» @and the completion terfs  is set to zero wken F min, gr

Details of the computational methods and many examples of one and two-dimensional shock initi-
ation and detonation wave calculations can be found in (Cochran and Chan, 1979), (Lee and Tarver,
1980), (Tarver and Hallquist, 1981), (Tarver, Hallquist, and Erickson, 1985), and (Tarver, 1990).

Unfortunately, sufficient experimental data has been obtained for only two solid explosives to de-
velop reliable shock initiation models: PBX-9404 (and the related HMX-based explosives LX-14,
LX-10, LX-04, etc.), and LX-17 (the insensitive TATB-based explosive). Reactive flow models
for other explosives (such as TNT, PETN, Composition B, propellants) have been developed but
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are based on very limited experimental data. The standard models for PBX-9404 and LX-17 (in the
centimeters, grams, and microseconds units system) are given in Table 4 and Table 5.

Table 4. Material Type 10 Constants for Two HE Materials

Material | density| shear modulys yield streng};th
PBX-9404 1.842 0.0454 0.002
LX-17 1.900 0.0354 0.002

Table 5: Equation of State Form 7 Constants for Two HE Materials

Constant PBX-9404 LX-17
Rip 8.524 5.31396
R;, 0.1802 0.0270309
Rsp 4.6 4.1
Rsp 1.3 1.1
F, 0.667 0.667
Rsp 3.8E-6 4.60E-6
Rie 9522.0 778.1
Roe -0.05944 -0.05031
Rs. 2.4656E-5 | 2.2229E-5
Rs. 14.1 11.3
Rse 1.41 1.13

F max ig 0.3 0.5
Fy 7.43E+11 | 4.0E+6
G, 3.1 0.6
m 1.0 1.0
a, 0.111 0.111
S 0.667 0.667
Cup 1.0E-5 1.0E-5
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Table 5: Equation of State Form 7 Constants for Two HE Materials

Constant PBX-9404 LX-17
Cve 2.7813E-5 2.487E-5
n 20.0 7.0

Cerit 0.0 0.22
Q 0.102 0.069
To 298.0 298.0
G, 400.0 400.0
a, 1.0 1.0
S 0.333 333
n 2.0 3.0

Fraxgr | 0.5 0.5

Fmin gr 0.0 0.0
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CROSS SECTION PROPERTY DEFINITION
FOR STRUCTURAL ELEMENTS

Define structural element cross section parameters if this material applies to truss, beam, shell, or
thick shell elements.

Card 9

Columns Quantity Format

1-10 Cross section identification 12A6

This title will be printed with the Cross Section Properties inlisp printout file. It is useful for
labeling the physical cross section for which this property set is applicable.
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Figure 26
Element geometry for DYNA3D truss and beam elements. Ngde  determines the initjal

orientation of the element local amd axes.
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Truss Element Cross Section Properties

Columns Quantity Format

Card 10 Blank
1-10 Card 11 Cross-sectional arda, E10.0

The geometry of DYNA3D truss elements is shown in Figure 26. Note that the position of the
orientation node, node; , is not significant for truss elements. Node  must be defined in the

input, however.

This is a simple truss element, which transmits only axial force.
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Hughes-Liu Beam Element Cross Section Properties

Columns

1-10
11-20

21-30

1-10

11-20

21-30

31-40

41-50

51-60

Quantity Format

Card 10

Card 11

Shear factat, (defaulkis= 1.0 ) E10.0

Quadrature rule for beam element cross section E10.0
LT.0: absolute value is User-Defined Integration
Rule number
EQ.1.0: degenerate beam (truss)
EQ.2.0:2 x 2 Gauss quadrature (default)
EQ.3.0:3x 3 Gauss quadrature
EQ.4.0:3 x 3 Lobotto quadrature
EQ.5.0:4 x 4 Gauss quadrature

Cross section type€CROSS E10.0
EQ.0.0: rectangular
EQ.1.0: tubular
EQ.2.0: arbitrary (User-Defined Integration Rule)

Geometric dimensiahnoden, E10.0
ICROSSEQ.O: beam thickness irs direction
ICROSSEQ.1: beanouterdiameter
ICROSSEQ.2: beam thickness irs direction

Geometric dimensiorn aoden, E10.0
ICROSSEQ.O: beam thickness irs direction
ICROSSEQ.1: beanouterdiameter
ICROSSEQ.2: beam thickness irs direction

Geometric dimensiat noden, E10.0
ICROSSEQ.O: beam thickness it direction
ICROSSEQ.1: beaninner diameter
ICROSSEQ.2: beam thickness it direction

Geometric dimensiat noden, E10.0
ICROSSEQ.O: beam thickness it direction
ICROSSEQ.1: beaninner diameter
ICROSSEQ.2: beam thickness it direction

Location of reference surface normasto axis E10.0
.EQ. 1.0: on beam outer surfacesat 1
.EQ. 0.0: at beam centerline (default)
.EQ.-1.0: on beam outer surfacesat —1

Location of reference surface normal to axis E10.0
.EQ. 1.0: on beam outer surface at 1
.EQ. 0.0: at beam centerline (default)
.EQ.-1.0: on beam outer surfacetat —1
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The geometry of DYNA3D beam elements is shown in Figure 26. Note that the position of the
orientation node, node; , determinesithigal element coordinate system. The coordinate
system remains fixed in the element, and thus rotates with the element during the deformation.

The Hughes-Liu beam element was adapted from the degenerated continuum shell element
described in (Hughes and Liu, 1981a) and (Hughes and Liu, 1981b). All constitutive computations
are performed at the stress-strain level, and numerical integration is performed over the cross
section to evaluate forces and moments.

Two reference surfaces may be defined to include effects of loads applied to the beam on its outer
surface rather than on its centerline. This situation typically occurs when beam elements are used
as stiffeners for thin shell structures. In that case, the load is transferred to the beam along the beam
surface which contacts the shell. These effects may be incorporated into the analysis model by
defining the Hughes-Liu beam element reference surface as the surface in contact with another
body. Note that if the either reference surface is displaced from the center of the beam, a purely
axial deformation will induce moments into the beam.
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Hughes-Liu Beam Cross Section Property Notes

card:field Comments

10:2 Choose the desired numerical integration rule for the integration over the
element cross section. For rectangular or tubular cross sections, either Gauss
or Lobotto quadrature may be used. Gauss quadrature gives increased
accuracy for a fixed number of points, but generally does not include an
integration point on the outer element surface. Lobotto integration is
somewhat less accurate than Gauss for the same number of points, but
always has points located on the outermost fibers of the beam. For complex
cross sections, User-Defined Integration rules must be used to accurately
evaluate the element forces and moments.

10:3 Choose the appropriate cross section geometry. Solid cylindrical beams may
be modeled by specifying tubular cross section and giving the inner
diameter as 0.0. If the User-Defined Integration rule is selected, it must be
defined as described in section 4.5 on page 303. Note that if a negative
number is input for the Quadrature Rule option, then the cross-section type
must be selected as 2.0 (User-Defined Integration Rule).

11:1-4 Beam dimensions may be defined independently at each of the two end
nodes. Linear variation is assumed along the element length.

11:5-6 Choose the location of the reference surface to correspond with the point of
application of the load. The reference surface should be the contact surface
if beam elements are used as shell stiffeners. The default reference location
is at the element center, which is appropriate for most applications.
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Belytschko-Schwer Beam Element Cross Section Properties

Columns Quantity Format
1-10 Card 10 Shear factat, (defaulkis= 1.0 ) E10.0
1-10 Card 11 Cross-sectional aréa, E10.0

11-20 Area moment of inertia abagit  axis, E10.0
21-30 Area moment of inertia abaut axig, E10.0
31-40 Polar moment of inertia abaut  adis, E10.0
41-50 Shear ared, E10.0

The Belytschko-Schwer beam element is based on a classical resultant beam formulation, and is
described in (Belytschko, Schwer, and Klein, 1977). Constitutive evaluations are performed at the
resultant level, where forces and moments are related to displacements and curvatures. This
element is somewhat faster in computation since no numerical integration is performed over the
cross section, but may be less accurate for elastoplastic analysis when partial section yield is
important. Since the Belytschko-Schwer beam is a resultant-based formulation, any type of cross-
section may be easily modeled by specifying its cross-sectional area and area moments of inertia.
Experience has shown that this element performs well in a wide range of analysis situations.
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Belytschko-Schwer Beam Cross Section Property Notes
card:field Comments
11:1 The cross-sectional arda is used in computing axial forces and bending

moments, and additionally to compute the element mass.

11:2-4 Itisassumed thatthes, ,ahd axes are principal axes of the cross section,
so that all cross-terms in the moment of inertia matrix vanish.

11:5 The shear ared;,  is used in computing shear forces.
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top surface <\

top surface

Ny
Figure 27
Shell element geometry in DYNA3D. Counterclockwise node numbering determines ser|se of

shell outward normal vectar using the “right-hand rule.” Top and bottom surfaces are fdeter-
mined from the sense of the normal vector.
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Shell Element Cross Section Properties

Columns Quantity Format

1-10 Card 10 Shear factat, (defaulkis= 1.0 ) E10.0

11-20 Number of through-thickness integration points E10.0
EQ.1: 1 point (membrane element)
EQ.2: 2 points
EQ.3: 3 points
EQ.4: 4 points
EQ.5: 5 points
GT.5: trapezoidal rule or User-Defined Integration Rule

21-30 Shell element printed output option E10.0
EQ.1: average resultants and fiber lengths
EQ.2: resultants at plan points and fiber lengths
EQ.3: resultants, stresses at all points, fiber lengths (default)

31-40 Integration rule E10.0
LT.O: absolute value is User-Defined Integration
Rule number
EQ.O0: Gauss quadrature (maximum of 5 points)
EQ.1: trapezoidal rule (any number of pts may be used)

1-10 Card 11 Shell thickness at nagle E10.0
11-20 Shell thickness at node E10.0
21-30 Shell thickness at nodg E10.0
31-40 Shell thickness at nodg E10.0
41-50 Reference surface location (Hughes-Liu formulation only) E10.0

EQ. 1.0: top surface
EQ. 0.0: midsurface (default)
EQ.-1.0: bottom surface

The above Cross Section Properties should be defined for all 4-node quadrilateral and 3-node trian-
gular shell elements. These shell thickness values can be overridden on the element cards. The
above values are used if the thickness values are zero on the element cards.
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Shell Element Cross Section Property Notes

card:field Comments

10:1 The elastic moduli are scaled by the shear correction factor for calculating
the transverse shear stresses.

10:2 Numerical integration is used to compute element resultant forces and
moments from stresses calculated at discrete points through the shell
element thickness. Several different integration methods (rules) are
supported, and each may be used with a selected number of points. Using
more integration points through the shell thickness increases the cost, but
also increases the accuracy of the element, particularly when partial section
yielding is expected in predominantly bending deformations. Two
integration points will exactly capture linearly elastic material behavior.

10:3 This option governs the amount of printout written to tiep® file when
shell elements are specified in Element Time History Blocks, as described
in section 4.17 on page 326.

10:4 Three numerical integration algorithms are available. Gauss quadrature
gives the best accuracy for a fixed number of points, but may not have points
exactly on the upper and lower shell surface. Up to five points are allowed
with Gauss quadrature. The trapezoidal rule is slightly less accurate than
Gauss quadrature for a fixed number of points, but always has points on the
endpoints of the interval (i.e., on the upper and lower surface of the shell).
User-Defined Integration Rules allow a general integration scheme to be
defined with an arbitrary number of points through the thickness. This
feature is often used to construct accurate integration algorithms for
laminated composite shells by putting one integration point in each lamina
or group of lamina.

Shell results are output to the TAURUS database at three planes through the
thickness: the bottom-most integration point, the midsurface, and the top-
most integration point. The desired plane is selected in TAURUS using the
shell inner, shell middle, andshell outer commands, respectively. Note

that if Gauss integration is used, the bottom-most integration point may not
be physically on the shell bottom surface, and similarly with the top-most
integration point. If surface stresses are desired, trapezoidal rule integration
should be used. See the TAURUS manual (Spelce and Hallquist, 1991) for
further details.

11-5 The location of the reference surface can be important whenever beam
elements, shell elements, and solid elements are interconnected. It is often
desirable to have beam elements and shell elements share a common
reference surface when beams are used as shell stiffeners. In these cases, the
reference surface for the shell element and beam element should be on the
interface surface.
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Thick Shell Element Cross Section Properties

Columns Quantity Format

1-10 Card 10 Shear factat, (defaulkis= 1.0 ) E10.0

11-20 Number of through-thickness integration points E10.0
EQ.1: 1 point (membrane element)
EQ.2: 2 points
EQ.3: 3 points
EQ.4: 4 points
EQ.5: 5 points
GT.5: trapezoidal rule or User-Defined Integration Rule

31-40 Integration rule E10.0
LT.O: absolute value is User-Defined Integration
Rule number
EQ.O: Gauss quadrature (maximum of 5 points)
EQ.1: trapezoidal rule (any number of pts may be used)

Card 11 Blank
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Thick Shell Element Cross Section Property Notes

card:field

10:1

10:2

10:4

Comments

The elastic moduli are scaled by the shear correction factor for calculating
the transverse shear stresses.

Numerical integration is used to compute element resultant forces and
moments from stresses calculated at discrete points through the shell
element thickness. Several different integration methods (rules) are
supported, and each may be used with a selected number of points. Using
more integration points through the shell thickness increases the cost, but
also increases the accuracy of the element, particularly when partial section
yielding is expected in predominantly bending deformations. Two
integration points will exactly capture linearly elastic material behavior.

Three numerical integration algorithms are available. Gauss quadrature
gives the best accuracy for a fixed number of points, but may not have points
exactly on the upper and lower shell surface. Up to five points are allowed
with Gauss quadrature. The trapezoidal rule is slightly less accurate than
Gauss quadrature for a fixed number of points, but always has points on the
endpoints of the interval (i.e., on the upper and lower surface of the shell).
User-Defined Integration Rules allow a general integration scheme to be
defined with an arbitrary number of points through the thickness.

302



DYNAS3D User Manual HUGHES-LIU BEAM USER DEFINED INTEGRATION RULES

45 HUGHES-LIU BEAM USER DEFINED INTEGRATION RULES

Define NUSBIR Card sets in this section.

Card 1
Columns Quantity Format
1-5 Number of integration point&I1P 15
6-15 Relative area of cross sectidq,, . E10.0

A oA

rel — t—t—y
stt
where A, is the actual cross-sectional atea, is the
specified thickness in tree  direction, ahd  is the
specified thickness in the  direction.

Cards 2, 3, ..., NIP+1
Columns Quantity Format
1-10 s coordinate of integration poirg, —-X.0<¢,<1.0 ) E10.0
11-20 t coordinate of integration poim, -1(.0<n,<1.0 ) E10.0
21-30 Weighing factoW, . This is typically the area associated with integration E10.0

point divided by actual cross sectional area

User-Defined Integration Rules are based on the general numerical integration formula

NIP

JTEm)dx= % (&0 Wi, (322)

wheref (&, n) is the function to be integratéd,n, k = 1 NIPR , are the integration point
coordinates, antlV, is the integration weight for p&int
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4.6 SHELL USER DEFINED INTEGRATION RULES

Define NUSSIR card sets in this section.

Card 1
Columns Quantity Format
1-5 Number of integration point&I1P 15
6-10 Equal spacing of integration points optitBPACE 15

EQ.O: integration point locations are defined below

EQ.1: integration points are equally spaced through the
shell thickness such that the shell is subdivided into
NIP layers of equal thickness.

Cards 2, 3, ..., NIP+1

Define these cards only if the equal-spacing optiowisctive, (SPACE= 0 ).

Columns Quantity Format
1-10 Coordinate of integration poirg, -1.0<¢,<1.0 ) E10.0
11-20 Weight factorW, . This is typically the thickness associated with E10.0
the integration point divided by actual shell thickness.
21-25 Optional material number for this integration point if different than 15

the number specified on the element card. The material type must
be the same as for the material number given on the element card.

User-Defined Integration Rules are based on the general numerical integration formula
NIP

[f(Qdx= 3 f(LIWi, (323)

where f () is the function to be integratég, k = 1  NIR , are the integration point coordi-
nates, andV, is the integration weight for pdint
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Shell User-Defined Integration Rule Notes

card:field Comments

1:2 This option is most useful for quickly defining a large number of points for
even-thickness layers in a shell.

2:3 This option allows a different set of material constants to be specified at each
thickness integration point to model a shell element with properties which
vary through the thickness. If only the orientation angle varies for an ortho-
tropic elastic material, this may be more easily specified as described for
Material Types 2, 21, 22, and 280TE: The density is always taken from
the data for the material number specified on the element card.

305



INPUT FORMAT DYNAS3D User Manual

4.7 NODES

DefineNUMNP nodes in this section. Column numbers in parenthesis apply for the “large” input
option which allows more than 99,999 nodes.

Columns Quantity Format
1-5 (1-8) Node number 15 (18)
6-10 (9-13) Displacement boundary condition code 15 (15)

EQ.O:no constraints
EQ.l:constrained displacement
EQ.2:constraineg displacement
EQ.3:constrained displacement
EQ.4:constrained ang displacements
EQ.5:constraineg and displacements
EQ.6:constrained and displacements
EQ.7:constrained y , and displacement
EQ.8:constrained in direction specified on
the first Sliding Boundary Plane card.
EQ.9:constrained in direction specified on
the second Sliding Boundary Plane card.

EQ.7 +n constrained in direction specified
on thenth Sliding Boundary Plane

card.
11-30 (14-33) X -coordinate *E20.0 (E20.0)
31-50 (34-53) y -coordinate E20.0 (E20.0)
51-70 (54-73) z -coordinate E20.0 (E20.0)
71-75 (-) Nodal increment for generatidn, 5 (omit)
76-80 (74-78) Rotational boundary condition code 15 (15)

EQ.0:no constraints

EQ.l:constrained rotation
EQ.2:constraineg rotation
EQ.3:constrained rotation
EQ.4:constrained ang rotations
EQ.5:constraineg and rotations
EQ.6:constrained ane rotations
EQ.7:constrained y , anzd rotations

* or as defined on Control Card 3.
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Node cards do not need to be in order, but the first node card must define node 1, and the last node
card must define nodéUMNP . Gaps are not permitted in node numbering, and nodes may be
generated internally in DYNA3D. Whenever node definitions are missing, node numbers are
automatically generated according to the sequence

N, M+ K, m+ 2K, ..n; (324)
wheren; and; are the node numbers defined on two consecutive caréls, and is taken from the
card defining; . Linear interpolation is used to obtain the coordinates of the generated nodes. The
boundary condition code for generated nodes is set to zero if the boundary conditionrgode of
differs from that ofn; , otherwise itis set to the boundary condition code of npde . Unconstrained
nodes can be generated between constrained nodes that have the same boundary condition code by
making the code negative on one of the two input node cards. After the nodal data is generated, all

negative boundary condition codes are reset to positive values.

Boundary conditions which are not parallel to a global axis may be defined using Sliding Boundary
Planes, as described in section 4.14 on page 321, or Nodal Single Point Constraints, as described
in section 4.13 on page 319. Boundary conditions parallel to the global axes should be defined on
the node cards as described above for fastest computation.

Rotational boundary conditions imposed on rigid-body nodes may generate small, finite-deforma-
tion induced, non-zero instantaneous rotational velocities. Nonetheless, the constraint is still fully
enforced and rotations about the constrained directions are prohibited. These non-zero rotational
velocities can be reduced by decreasing the timestep size.
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4.8 SOLID ELEMENTS

Define the following card for each of tMUMELH  solid elements. All solid elements are
numbered sequentially starting from 1.

Columns Quantity Format
1-5 (1-8) Solid element number 15 (18)
6-10 (9-13) Material number 15 (15)
11-15 (-) Generation incremeikt, I5 (omit)
16-20 (14-21) Node, 15 (18)
21-25 (22-29) Node, 15 (18)
26-30 (30-37) Node, 15 (18)
51-55 (70-77) Nodeg 15 (18)
(78-87) Initial relative volume (E10.3)

Nodesn; -ng define the corner nodes of the 8-node solid elements. Elements having fewer than 8
nodes are defined by repeating one or more nodes to “collapse” the appropriate side of the brick
element into the desired shape. Four, six, and eight node elements are shown in Figure 28. Input of
nodes on the element cards for the two degenerate elements is:

4-node Ny N, N3 NygNyNy,N, Ny

6-node N, N, Ng Ny Ng N Ng Ng

Note: In all cases the first four node numbers must be unique.

Element cards must be in element number order. The first card must contain data for the first solid
element, and the last card must contain data for the last solid element. Cards containing interme-
diate element data may be omitted and these element definitions will be generated internally.

Connecting node numbem§ are automatically generated with respect to the first card prior to the
omitted data by

n}+1 = n} + K, j=1,.,8 (325)

308



DYNAS3D User Manual SOLID ELEMENTS

where superscripts denote the element number to be defined and subscripts denote the local node
number (in the connectivity list) which is to be incremented. The generation inciement and the
element attributes, such as the material number, for the generated elements are taken from the last
element card before the omitted data. The default value of the generation inckement isl. Aninitial
relative volume is allowed for pre-stressed elements. This initial relative volume will overwrite
relative volume imposed by the material entry or the equation of state entry.

N3

T T T T T TT T T TS S sS

ny

N3

Figure 28
DYNAS3D solid element geometry in four-node, six-node, and eight-node configurations.
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4.9 BEAM AND TRUSS ELEMENTS

Define the one of the following cards for each of HEEMELB  truss or beam elements. All truss
and beam elements are numbered sequentially, starting from 1, regardless of the formulation used.
The element formulation is specified on the Material Control Card as described in section 4.4 on

page 92.

Hughes-Liu Beam Element
Columns Quantity Format
1-5 (1-8) Beam element number 15 (18)
6-10 (9-13) Material number 15 (15)
11-15 (-) Generation incremeikt, I5 (omit)
16-20 (14-21) Node, 15 (18)
21-25 (22-29) Node, 15 (18)
26-30 (30-37) Nod&; (see Figure 26) 15 (18)
31-40 (38-45) Beam thicknesssn direction at nogle E10.0 (E8.0)
41-50 (46-53) Beam thicknesss$n direction at noge E10.0 (E8.0)
51-60 (54-61) Beam thicknesstn direction at nage E10.0 (E8.0)
61-70 (62-69) Beam thicknesstin direction at nagle E10.0 (E8.0)
Belytschko-Schwer Beam Element
Columns Quantity Format
1-5 (1-8) Beam element number 15 (18)
6-10 (9-13) Material number 15 (15)
11-15 (-) Generation incremeiit, 15 (omit)
16-20 (14-21) Node, 15 (18)
21-25 (22-29) Node, 15 (18)
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BEAM AND TRUSS ELEMENTS

Columns

26-30 (30-37)
31-40 (38-45)
41-50 (46-53)
51-60 (54-61)
61-70 (62-69)
71-78 (70-77)

Columns
1-5  (1-8)
6-10  (9-13)
11-15 (-

16-20 (14-21)
21-25 (22-29)
26-30 (30-37)
31-40 (38-45)

Quantity Format
Nod@, (see Figure 26) 15 (18)
Cross-sectional aréa, E10.0 (E8.0)
Moment of inertia abosit  axlg, E10.0 (E8.0)
Moment of inertia about  axig, E10.0 (E8.0)
Polar moment of inertia about  akis, E10.0 (E8.0)
Shear are&, E10.0 (E8.0)

Truss Element

Quantity Format
Beam element number 15 (18)
Material number 15 (15)
Generation incremeikt, I5 (omit)
Noda, 15 (18)
Node, 15 (18)
Nod@, (see Figure 26) 15 (18)
Cross-sectional Area, E10.0 (E8.0)

Element cards must be in element number order. The first card must contain data for the first beam
or truss element, and the last card must contain data for the last beam or truss element. Cards
containing intermediate element data may be omitted and these element definitions will be

generated internally. Connecting node numhn?rs

first card prior to the omitted data by

are automatically generated with respect to the
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n}+1:n}+k, j =12 (326)
where superscripts denote the element number to be defined and subscripts denote the local node
number (in the connectivity list) which is to be incremented. Note that the orientationyiode  is
not incremented. The generation increment and the element attributes, such as the material
number, cross section properties, and orientation node, for the generated elements are taken from

the last element card before the omitted data. The default value of the generation indtement is .

If any cross-sectional properties are undefined (or are defined as 0.0) on the element card, these
values are taken from the data specified in the Material Cards. Thus, if many elements share the
same properties with only a few elements differing, the common properties may be specified in the

Material Cards, and only the unique element properties need be defined on the element cards.
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4.10 SHELL AND MEMBRANE ELEMENTS

Define the following card set for each of tNMJMELS  shell or membrane elements. All shell and
membrane elements are numbered sequentially, starting from 1, regardless of the formulation used.
Note thatwo cards per elemeratre required if the LARGE input option is active.

Columns Quantity Format

1-5 (1-8) Shell element number 15 (18)
6-10 (9-13) Material number 15 (15)
11-15 (-) Generation incremekt 5 (omit)
16-20 (14-21) Nod&, (see Figure 27) 15 (18)
21-25 (22-29) Node, 15 (18)
26-30 (30-37) Node, 15 (18)
31-35 (38-45) Node, 15 (18)

second card here if LARGE input option is active

36-45 (1-10) Shell thickness at nodg  (optional) E10.0 (E10.0)
46-55 (11-20) Shell thickness at nodle  (optional) E10.0 (E10.0)
56-65 (21-30) Shell thickness at nodle  (optional) E10.0 (E10.0)
66-75 (31-40) Shell thickness at nodg  (optional) E10.0 (E10.0)
76-80 (41-50) Orthotropic material ang[e, , in degrees (optional) E5.00 (E10.0)
Triangular elements are defined by repeating the third node (i.e., by sejftingn, ). It should be

noted that quadrilateral shell elements perform very poorly in bending when degenerated into
triangles. In this case, the use of one of the triangular shell element formulations is recommended.
Shell and membrane element formulations are discussed in section 2.6 on page 15.
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Element cards must be in element number order. The first card must contain data for the first shell
or membrane element, and the last card must contain data for the last shell or membrane element.
Cards containing intermediate element data may be omitted and these element definitions will be
generated internally. Connecting node numivers  are automatically generated with respect to the
last element card prior to the omitted data by

n}+1:n}+k, j=1,234 (327)
where superscripts denote the element number to be defined and subscripts denote the local node
number (in the connectivity list) which is to be incremented. The generation increment and the
element attributes, such as the material number and cross section properties, for the generated
elements are taken from the last element card before the omitted data. The default value of the

generation incremet s I.

If any element thicknesses are undefined (or are defined as 0.0) on the element card, these values
are taken from the data specified in the Material Cards. Thus, if many elements share the same
properties with only a few elements differing, the common properties may be specified in the
Material Cards, and only the unique element properties need be defined on the element cards.

314



DYNAS3D User Manual THICK SHELL ELEMENTS

4.11 THICK SHELL ELEMENTS

Define the following card for each of tNUMELT  8-node thick shell elements. All thick shell
elements are numbered sequentially starting from 1.

Columns Quantity Format
1-5 (1-8) Thick shell element number 15 (18)
6-10 (9-13) Material number 15 (15)
11-15 (-) Generation incremeikt, I5 (omit)
15-20 (14-21) Node, 15 (18)
21-25 (22-29) Node, 15 18)
26-30 (30-37) Node, 15 (18)
51-55 (70-77) Nodeég 15 (18)

Element cards must be in element number order. The first card must contain data for the first thick
shell element, and the last card must contain data for the last thick shell element. Cards containing
intermediate element data may be omitted and these element definitions will be generated inter-

nally. Connecting node numbem§ are automatically generated with respect to the first card prior
to the omitted data by

ni*l=ni+kj=1..8 (328)
where superscripts denote the element number to be defined and subscripts denote the local node
number (in the connectivity list) which is to be incremented. The generation inclement and the
element attributes, such as the material number, for the generated elements are taken from the last
element card prior to the omitted data. The default value of the generation inckement is I.
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Nodesn; -ng define the corner nodes of the 8-node thick shell elements.odes, to  define
the lower surface, and nodag g define the upper surface. The integration points lie along the
t axis as depicted in Figure 29. Care should be used in defining the connectivity to insure the proper
element orientation.
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Figure 29
Geometric configuration for 8-node thick shell element.
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4.12 INTERFACE SAVE SEGMENT DEFINITION

DefineNUMIFS Interface Save Segments.

Columns Quantity Format
1-5 (1-8) Interface segment number 15 (18)
6-10 (-) Generation incremeri, 5 (omit)
11-15  (9-16) Noden, 15 (18)
16-20 (17-24) Node, 15 (18)
21-25 (25-32) Node, 15 (18)
26-30 (33-40) Node, 15 (18)

Omitted segment definitions are automatically generated with respect to the last card prior to the
omitted data using the generation increntent to compute connecting nodes for the missing
segment definitions. The generation paramkter is taken from the first card. Node numbering may
be either clockwise or counterclockwise. Nodgs n,-  define the corner nodes of the segments as
shown in Figure 35. Triangular segments are defined by repeating a node.

Interface save segments are used to define a surface for which the displacement and velocity time
history will be saved during an analysis. This surface is then used as the master surface of a tied
slide surface in a second analysis, where the discretization may be arbitrarily modified. This feature
is especially useful for studying the detailed response of a small member in a large structure. For
the first analysis, the member of interest need only be discretized sufficiently that the displacements
and velocities on its boundaries are reasonable approximations to the actual solution. After the first
analysis is completed, the member is finely discretized in another model, and the interface save
segments are defined to correspond with the first analysis. Finally, the second analysis is performed
to obtain highly detailed information in the local region of interest.

An analysis using interface save segments consists of two phases (DYNA3D runs). In the input file
for the first analysis, specify the number of interface segments for linkidg/(FS ) and the
output interval for the interface save segment file on Control Card 2 (as described in section 4.1 on
page 62). Then define the interface save segments as described above. Next, execute the first phase
analysis, and specify a name for the interface save segment file using4B&L” parameter on the
execution line (as described in section 3.2 on page 51). This will save the displacement and velocity

at every interface save segment defined in the first model into the specified file. Now, construct the
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finite element model for the second phase analysis, and in this input file the number of interface
segments and the time interval for interface data output should be set to zero. The second phase
model typically contains a more detailed model of the subregion of interest than was present in the
first phase model. Define the slave surface of a type 2 (tied) sliding interface over the portion of the
new model which corresponds to the interface save segments from the first phase maoabl. It is
necessary that the node and element positions in this area be the same in the two models. Define
the master surface as 0 in this type 2 slide surface definition. Finally, when starting the second
phase analysis using this new model, specify the name of the interface save segment file (created
by the first run) using thev=isf2’ parameter on the DYNA3D execution line. The displacements

and velocities for the interface region will then be read from this file and applied as external
boundary conditions onto the phase two model.
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4.13 NODAL SINGLE POINT CONSTRAINTS

DefineNODSPC cards to specify single point constraints on nodes.

Columns Quantity Format
1-5 (1-8) First node numbeny;,, 15 (18)
6-10 (9-13) Local coordinate system numbet NSPCOR ) 15 (15)
11-14 (14-17) Blank
15 (18) Translation code in local direction 11 (1)
16 (29) Translation code in locgl direction 11 (12)
17 (20) Translation code in local direction 11 (12)
18 (22) Rotation code about local axis 11 (12)
19 (22) Rotation code about local axis 11 (12)
20 (23) Rotation code about local axis 11 (12)
21-25 (24-31) Last node numbey,; 15 (18)

EQ.O:n s = Ngipst (NO generation)

26-30 (32-39) Increment for generatidn, 15 (18)
EQ.O: default setto 1

Single point constraints allow the definition of a completely arbitrary local coordinate system, and
the specification of nodal boundary conditions (constraints) in this local system. One local system
may be used for many nodes, or a different local system may be defined for eacA hodedary

code of 1 specifies a constrained degree-of-freedom, while a boundary condition code of 0
indicates an unconstrained degree-of-freed®his option was originally developed by Dr. C. S.
Tsay.

A set of nodal single point constraints may be generated by specifying the first node number in the
sequenceny,,  the last node number in the sequefpce, , and the node number increment for
generationk . Nodal single point constraints will be generated for nodes befyygen nj,sand

using the set of boundary condition codes as specifietl. for

Nodal single point constraints require the definition of a local coordinate system, as described on
the following page.
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DefineNSPCORIocal coordinate systems for single point constraints.

Columns Quantity Format
1-5 Local coordinate system numbeg(NSPCOR ) 15

6-15 X -coordinate of poin® E10.0
16-25 y -coordinate of poirf E10.0
26-35 z -coordinate of poin® E10.0
36-45 X -coordinate of poin® E10.0
46-55 y -coordinate of poin® E10.0
56-65 z -coordinate of poin® E10.0

The local coordinate system is constructed at the global origin by specifying two @ints,Q and
as shown in Figure 30. First, the local -axis is constructed by defining a wgctor  from the global
origin through poinP . Next, a temporary vector is constructed from the global origin through
pointQ . The localz -axis is then found by computing a vector which is mutually perpendicular to
X, andt ,

Z, = X %Xt (329)
Finally, the localy -axis is found as the vector which is mutually perpendicukar to z and
YL = 7 XX (330)

Figure 30
Local coordinate system for Single Point Constraints.
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4.14 SLIDING BOUNDARY PLANES

Define the number of Sliding Boundary Plane Cards specified on Control Card 4 of section 4.1 on
page 62.

Columns Quantity Format
1-10 x -coordinate of vector from global origin E10.0
11-20 y -coordinate of vector from global origin E10.0
21-30 z -coordinate of vector from global origin E10.0

31-40 Constraint optionOPT E10.0

EQ.0.0: node is constrained to move on normal plane
EQ.1.0: node is constrained to translate in vector direction

Sliding Boundary Planes allow any node to be constrained to move on an arbitrarily oriented plane
or line. Each Sliding Boundary Plane card defines a vector originating at the global origin and ter-
minating at the coordinates defined above. This vector can be of arbitrary length; DYNA3D inter-
nally converts it to a unit vector for computation.

If IOPT = 0, then the vector is interpreted as defining a plane which has the given vector as its
normal, and nodes are constrained to move only on this plane. Nodes may not separate from this
plane, but may move freely in any direction in the plane. An arbitrary oblique boundary condition
may be defined using this option. One common application is the definition of a “pie-slice” three-
dimensional model of an axisymmetric problem, where all nodes on the side faces of the model
must be constrained from translating in the circumferential direction. The Sliding Boundary Plane
vector is defined as the normal to the side face, and all nodes on that face are given appropriate
boundary condition codes to reference the Sliding Boundary Plane.

If IOPT = 1, then the vector is interpreted as defining a line, and nodes are allowed to translate
only along that line. Since nodes can move in either direction along this line, the orientation of the
given vector along the desired line is not significant. This type of constraint can also be equivalent-
ly defined using Nodal Single Point Constraints, as described in section 4.13 on page 319.

To constrain a node to move on a Sliding Boundary Plane, set its displacement boundary condition
code (described on the Node Card, section 4.7 on page 306) to , where isthe number of the
Sliding Boundary Plane to be used. Any number of Sliding Boundary Planes may be defined.
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4.15 SYMMETRY PLANES WITH FAILURE

Define the number of cards specified on Control Card 4 of section 4.1 on page 62.

Card 1
Columns Quantity Format
1-5 Number of segments in Symmetry Plane with FailNi®GNDS 15
6-15 x -coordinate of tail poir® E10.0
16-25 y -coordinate of tail poirf E10.0
26-35 z -coordinate of tail poir® E10.0
36-45 x -coordinate of head poi@t E10.0
46-55 y -coordinate of head poi E10.0
56-65 z -coordinate of head poif E10.0
66-75 Tensile failure stress;  (positive in tension) E10.0

As shown in Figure 31, the outward normal vector is defined from point
point Q . This vector should originate on the symmetry plane and point toward the body.

and passes through

Cards 2, 3, ..., NSGNDS+1
Columns Quantity Format
1-5 (1-8) Segment number 15 (18)
6-10 (9-16) Noden, 15 (18)

11-15 (17-24) Node, 15 (18)
16-20 (25-32) Node, 15 (18)
21-25 (33-40) Node, 15 (18)
26-35 (41-50) Failure stress; , if different from default value  E10.0 (E10.0)
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Symmetry Planes with Failure are specified by listing quadrilateral or triangular segments which
initially lie on the symmetry plane. Segments are defined by their corner nodes, and normally each
segment represents one element face. Triangular segments may be defined by repeating the last
node @, = ng ). The symmetry plane is defined by its normal vector, which is assumed to be drawn
from pointP to pointQ , as shown in Figure 31.

Symmetry Plane with Failure

Figure 31
Symmetry Planes with failure.

As long as the normal stress (in the direction of ) remains less than the failure stress , the
Symmetry Plane with Failure acts just like a Sliding Boundary Plane. Nodes initially on the
symmetry plane may move freely in any direction in the plane, but may not move normal to the
plane. When the normal stress exceefls , the nodes are released and may move freely throughout
the remainder of the calculation.
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Symmetry Planes with Failure are frequently used to model oblique penetration. One half-space of
the target material is modeled, and the vertical symmetry plane is defined as a Symmetry Plane with
Failure. The projectile may be given an initial velocity into the target material at any angle, and
nodes on the Symmetry Plane with Failure will separate when the tensile criterion is exceeded, thus
simulating a penetration process. In this application, the segments on the symmetry plane must also
be defined as one side of a sliding interface, with the other side defined as the external part of the
penetrating object. This approach has proven effective in modeling 3-D penetration problems.
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4.16 NODE TIME HISTORY BLOCKS

Skip this section if the number of node time history blocks is zero on Control Card 3 of section 4.1
on page 62. Otherwise, define up to 2000 history blocks that may contain a total of 2000 nodes.
Use only the number of cards required to define all blocks.

Columns Quantity Format
1-5 (1-8) First node of first time history block 15 (18)
6-10 (9-16) Last node of first time history block 15 (18)
11-15 (17-24) First node of second time history block 15 (18)
16-20 (25-32) Last node of second time history block 15 (18)

Node time history blocks are used to define sets of nodes for inclusion in the time history plot
database. Typically, the time interval between writes to this time history plot database is much
smaller than the time interval between writes to the state plot database, which contains information
for the complete analysis model at each plot time point (state). Thus, for the nodes included in the
time history plot database, much higher frequency resolution is possible in post-processing time
history plots than is available in time history plots made from the state plot database. The plot
databases are described in more detail in section 3.5 on page 58.

The time history plot database may be post-processed using TAURUS or other codes to generate
time-history plots of nodal quantities such as displacement, velocity, or acceleration.
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4.17 ELEMENT TIME HISTORY BLOCKS

(Solid Elements)

Skip this section if the number of solid element time history block is zero on Control Card 3 of
section 4.1 on page 62. Otherwise, define up to 2000 time history blocks that may contain a total
of 2000 solid elements. Use as many cards as required to define the specified number of blocks. All
cards are given in the format shown below.

Columns Quantity Format
1-5 (1-8) First element of first time history block 15 (18)
6-10 (9-16) Last element of first time history block 15 (18)
11-15 (17-24) First element of second time history block 15 (18)
16-20 (25-32) Last element of second time history block 15 (18)

(Beam Elements)

Skip these cards if the number of beam element time history blocks is zero on Control Card 3 of
section 4.1 on page 62. Up to 2000 time history blocks may be defined containing a total of 2000
beam and truss elements. The input format is as shown above.

(Shell Elements)

Skip these cards if the number of shell element time history blocks is zero on Control Card 3 of
section 4.1 on page 62. Up to 2000 time history blocks may be defined containing a total of 2000
4-node shell elements. The input format is as shown above.

(Thick Shell Elements)

Skip these cards if the number of solid shell element time history blocks is zero on Control Card 3
of section 4.1 on page 62. Up to 2000 time history blocks may be defined containing a total of 2000
8-node thick shell elements. The input format is as shown above.
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Element time history blocks are used to define sets of elements for inclusion in the time history plot
database. The time history plot database is typically written at a much smaller time increment than
the state database, and therefore contains more high frequency response information.

The time history plot database may be post-processed using TAURUS or other codes to generate
time-history plots of element quantities such as stress or strain.
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4.18 GRAVITY STRESS INITIALIZATION

Skip this section if the number of points in the density versus depth curve is zero on Control Card
4 of section 4.1 on page 62. Otherwise, suppyMDP + 1 cards.

Card 1
Columns Quantity Format
1-10 Gravitational acceleratiog, E10.0
15 Direction of gravitational loading 11

EQ.1: globalx -direction
EQ.2: globaly -direction
EQ.3: globalz -direction

16-20 Material number of materials to be initialized (maximum of 12) 15
EQ.O: all
EQ.n: define list of n materials below£ 12 )
21-25 Material number of first material to be initialized 15
26-30 Material number of second material to be initialized I5

DefineNUMDP cards giving the mass density as a function of depth.

Cards 2, 3, ..., NUMDP+1
Columns Quantity Format
1-10 Mass densityp E10.0
11-20 Depthd E10.0
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Density vs. depth curves are often used to initialize hydrostatic stresses arising in a material due to
gravity acting on an overburden material. The hydrostatic pressure acting on a material point at a
depthd,, is given by

d

top

= — [ p(2)gdz, (331)
do
wherep is pressurel,top is depth at the top of the material to be initialized (u}t[gglly 0 ),

p(z) isthe mass density at defh ,agd is the acceleration of gravity. This integral is evaluated
numerically for each material to be initialized.

Depth may be measured along any of the global coordinate axes, and the sign convention of the
global coordinate system should be respected. The sign convention of gravity also follows that of
the global coordinate system. For example, if the positive axis points “up,” then gravitational
acceleration should be input as a negative number.
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4.19 BRODE FUNCTIONS

Skip this section if columns 21-25 are blank on Control Card 4 in section 4.1 on page 62.
Otherwise, enter two cards for the pertinent Brode function data.

Card 1
Columns Quantity Format
1-10 Yield (Kt) E10.0
11-20 Height of burst E10.0
21-30 Modelx coordinate of Brode origirg E10.0
31-40 Modely coordinate of Brode origiyg, E10.0
41-50 Modelz coordinate of Brode origig, E10.0
51-60 Model time at Brode time origity o E10.0
61-65 *Load curve number giving time of arrival versus range relative to E10.0
Brode origin
66-70 Load curve giving yield scaling versus scaled time (time relative to E10.0

Brode origin divided by [yield/3)])

Card 2
Columns Quantity Format
1-10 Conversion factor - kft to DYNA length units E10.0
11-20 Conversion factor - milliseconds to DYNA time units E10.0
21-30 Conversion factor - psi to DYNA pressure units E10.0

*Both load curves must be specified for the variable yield option. If this option is used, the shock
time of arrival is found from the time of arrival curve. The yield used in the Brode formulas is
computed by taking the value from the yield scaling curve at the current timel([%/@](hnd multi-
plying that value by yield.

The development and limitations of the equations underlying this option are given in (Speicher and
Brode, 1987).
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4.20 CROSS SECTION DEFINITIONS FOR FORCE OUTPUT

Define only fNUMCSD is nonzero on Control Card 4 in section 4.1 on page 62. For each cross
section where force output is desired, define the following card sets.

DefineNUMCSD Cross Section Definition Control Cards:

Cards 1,2, ..., NUMCSI[

Columns Quantity Format
1-5 Number of nodes in this cross section definition 15

6-10 Number of beam elements in this cross section definition I5

11-15 Number of shell elements in this cross section definition I5

DefineNUMCSD Cross Section Definition data card sets (nodes, beam elements, and shell
elements) as described below:

NODES

Repeat the following card until all nodes have been defined for this Cross Section Definition.

Cards NUMCSD+1, . .

Columns Quantity Format
1-10 First cross section node 110
11-20 Second cross section node 110
71-80 Eighth cross section node 110
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BEAM ELEMENTS

Repeat the following card until all beam elements have been defined for this Cross Section
Definition.

Columns Quantity Format
1-10 First beam element 10
11-20 Second beam element 110
71-80 Eighth beam element 110

SHELL ELEMENTS

Repeat the following card until all shell elements have been defined for this Cross Section
Definition.

Columns Quantity Format
1-10 First shell element 110
11-20 Second shell element 110
71-80 Eighth shell element 110
Repeat the last 3 card groups for each Cross Section Definition uMtiLEMICSD cross sections

have been defined.
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DYNAS3D allows a cross section to be defined through a structural model, and at selected intervals
will output the total resultant force on this cross section. This feature is often used to quickly
evaluate a global response quantity, such as the total force transmitted from one part of a model to
another. The current implementation only computes forces arising from structural elements (truss,
beam, and shell elements), but is fully supported for all element formulation options.

The first step in defining a cross section for force output is to select a group of nodes in the model
to define the cross section cutting plane. These nodes need not all lie in the same plane, but should
not overlap along the load path, or misleading results may be obtained. Typically, a group of nodes
is chosen which defines a cut or slice through the analysis model. Once the group of nodes is
selected, the next step is to define all elements which connect to this plane aimodesside

only. Elements may be defined on either side of the cross section, but not both sides. The global
components of the total resultant force on the cross sectional plane will be written to the “hsp”
printout file at the time interval specified on Control Card 4 in section 4.1 on page 62.
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4.21 LOAD CURVES

Define the number of load curves specified on Control Card 5 in section 4.1 on page 62. Repeat the
following card set for each load curve.

Card 1
Columns Quantity Format
1-5 Load curve number 15
6-10 Number of points in this load curvéPTS 15
11-15 Load curve option, COPT 15

EQ.O: load curve used in transient dynamic analysis only

EQ.1: load curve used in dynamic relaxation solution
but not in transient dynamic analysis

EQ.2: load curve used in both dynamic relaxation solution
and transient analysis. Separate portions of the
curve may be optionally specified for the dynamic
relaxation solution and transient dynamic analysi

16-20 Load curve input format: either blank or E20.0. A5
If left blank, E10.0 format is used to read the following load curve
values.

Cards 2, ... ,NPTS+1

Columns Quantity Format
1-10 Time,t , or independent variable, E10.0
11-20 Load valuef (t) , or function valug(x) E10.0

Various options in DYNA3D use load curves to define arbitrary functional relationships. Many
loads and boundary conditions are functions of time, and for these options, the specified load curve
should relate load (or boundary condition) valiug) to time . Some material models require the
specification of load curves defining the variation of material paramétens with tempecature
Other models require the specification of load curves defining effective &{ress as a function
of effective plastic strain or other material varialxe,
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Load curve option 2 permits either: 1) a single load curve to be specified and used for both the
dynamic relaxation solution and transient analysis, or 2) two distant load curve regimes, combined
and referenced by a single load curve number, to be specified. In the later case, the first regime is
used only during the dynamic relaxation solution while the second regime is used only during the
transient analysis. This option is extremely useful when initializing loads that can be only specified
with one load curve number.

Based uponthe andé(t) &r ardx) pairs entered, DYNA3D automatically determines if
one or two load curve regimes are being defined for load curve option 2. The single load curve is
defined by entering all the anidt) r ah¢k) pairs in ascertdingk or order. The dual
load curve is defined by entering allthe ah) xor difd) pairs for the dynamic relaxation
regime first followed by all the and(t) ot anf{x) pairs for the transient analysis regime.
All tor x values must be listed in ascending order, and thetlastx or value in the dynamic relax-
ation curve must be larger than the fitst »or value in the transient analysis curve. The number of
points in the load curve is the total number of points used in both regimes.

It is recommended to select the E20.0 format on Card 1 for load curve values input when higher
accuracy is desired. When E20.0 format is chosen, both entries on a card must be input with E20.0
format.

There is no limit on the number of load curves, or on the number of points in aload curve definition.

DYNAMIC RELAXATION STATIC ANALYSIS

DYNAS3D contains a limited capability for performing quasistatic analysis using a dynamic relax-
ation algorithm. This feature is primarily intended to be used to generate a static stress solution as
an initial condition for a transient dynamic analysis, but it has been applied with some success to
the solution of more general static problems.

During then DR static solution process, “time” is really just a parameter to describe the solution
process, and does not correspond to physical time.The current implementation uses a DR time step
equal to the standard dynamic time step. Thus, if it is desired to slowly apply the static loads to
minimize overshoot in the solution, then a short trial dynamic run can be made to determine the
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time step size. The static loads to be applied during the DR solution can then be applied over some
number of time steps (typically 5000-10,000 but problem dependent), and this determines the time
points to be used on the load curve controlling the static loads.

The currentimplementation of DR in DYNAS3D is susceptible to dynamic overshoot if static loads
are applied too quickly. If only history-independent material models (such as elasticity) are used,
then the resulting solution will still be correct and this overshoot behavior is of little consequence.
If history-dependent material models (such as plasticity) are used, however, this dynamic overshoot
can cause yielding which is erroneous, and therefore an incorrect static solution is obtained. Thus,
the DR static solution capability can be used with confidence for elastic initialization, but must be
carefully used with slowly applied loads to prevent overshoot and inaccuracy in history-dependent
static problems.

An “elastic only” option is included in DYNA3D for DR. The flagdd ATDRE , seton Control Card

4 is discussed in section 4.1 on page 62. This feature increases the yield parameters of many
material models during DR to avoid overshoot in history-dependent materials. The material param-
eters are then reset at the start of the transient analysis.

A DR static solution is activated by specifying the “load curve optiddOPT = 1 for a load
curve to control the application of the static loads, as discussed in section 4.21 on page 334. The
dynamic relaxation factor, the DR time step, and the DR convergence tolerance can be modified
from default values on Control Card 8 as described in section 4.1 on page 62.

DR analyses terminate when the DR convergence tolerance is satisfied or after the user enters a
swb. control switch (see section 3.3 on page 54). Upon termination, DYNA3D writes a stress
initialization file for subsequent use and begins the transient analysis.
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4.22 NODAL FORCES AND FOLLOWER FORCES

Define the number of concentrated nodal loads specified on Control Card 5 in section 4.1 on page
62.

Columns Quantity Format
1-5 (1-8) Node numbem, , on which this load acts 15 (18)
6-10 (9-13) Direction in which this load act®IR 15 (15)

EQ.1: x-direction

EQ.2: y-direction

EQ.3: z-direction

EQ.4: follower force

EQ.5: moment about the global x-axis
EQ.6: moment about the global y-axis
EQ.7: moment about the global z-axis

11-15 (14-18) Load curve number giving time variation 15 (15)
16-25 (19-28) Scale factor (default =1.0) E10.0 (E10.0)
26-30 (29-36) Noden, (define only for follower ford®IR = 4 ) I5 (18)
31-35 (37-44) Noden, (define only for follower ford®IR = 4 ) IS5 (18)
36-40 (45-52) Noden; (define only for follower ford®IR = 4 ) 5 (18)

Nodal loads and follower forces may be imposed as a prescribed function of time. The time
variation is taken from a load curve, and may be arbitrarily scaled in the nodal load or follower
force definition.

A follower forceF acts normal to the plane defined by noalgsm, , ,apd  as shown in Figure
32. The positive direction is determined by a counterclockwise orientation (“right-hand-rule”) of
the nodes. The follower forecemains normato the plane throughout the deformation.
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Figure 32
Follower force acts normal to a plane definedy m,, m;, . The load is applied temod

and is positive in the direction given by the normal vector to the ptane,
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4.23 PRESSURE LOADS

Define the number of element face pressure cards specified on Control Card 5 in section 4.1 on
page 62.

Columns Quantity Format
1-5 (-) Pressure card number 15  (omit)
6-10 (1-5) Load curve numbed, , giving time variationl5 (15)

EQ.-1: Brode function is used to determine pressure
EQ.-2: HE function is used to determine pressure
EQ.-3: Pressure is calculated by PENCRV3D module.

11-15 (6-13) Node; (see Figure 33) 15 (18)
16-20 (14-21) Node, 15 (18)
21-25 (22-29) Node, 15 (18)
26-30 (30-37) Node, 15 (18)
31-40 (38-47) Load curve multiplier at node E10.0 (E10.0)

EQ. 0.0: default setto 1.0
41-50 (48-57) Load curve multiplier at node E10.0 (E10.0)

EQ. 0.0: default setto 1.0
51-60 (58-67) Load curve multiplier at node E10.0 (E10.0)

EQ. 0.0: default setto 1.0
61-70 (68-77) Load curve multiplier at nodg E10.0 (E10.0)

EQ. 0.0: default setto 1.0

71-80 (-) Time pressure begins acting on surfgce, E10.0 (omit)
GT. 0.0: Load curve is offset liy
LT. 0.0: Pressure begin acting on surfacetgt
Load cure is not offset.

Element face pressures always act normal to the element face in the current configuration, and
positive pressure acts toward the element face, as shown in Figure 33. Pressure loads may be
applied to solid elements, shell elements, or thick shell elements. The load curve multipliers may
be used to increase or decrease the pressure given in the load curve definition. Triangular element
faces may be defined by repeating the last nogez(n, ).
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If the load curve numbelN, ,is setto -1, then the pressure time history to be applied is computed
from the Brode function data given in section 4.19 on page 330. The time-of-arrival of the pressure
is then computed based on the distance from the Brode origin to the centroid of the element face
receiving the pressure loading. In penetration analysis, sélfing  to -3 invokes the PENCRV3D
pressure load modules for calculating the target resistance. The description of PENCRV3D is given
in section 2.28 on page 48.

N3

Figure 33
Node numbering for element face pressure loads for quadrilateral and triangular faces. Pressure

always acts in the opposite direction to the segment normal \rector

The time that pressure starts acting on a surface can be altered by specifying non-zero values for
t,. Positivet, values offset, in time, the profile described by the specified load curve. Negative
values artificially zero the load curve value until the analysis time exceeds the absolute wglue of
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4.24 PRESCRIBED VELOCITIES AND ACCELERATIONS

Define the number of cards specified on Control Card 5 in section 4.1 on page 62.

Columns Quantity Format

1-5 (1-8) Node number or rigid body material number 15 (18)
GT.0: node number
LT.O: absolute value is material number of the rigid body

6-10 (9-13) Load curve number giving time variation 15 (15)

11-15 (14-18) Applicable degrees-of-freeddidOF 15 (15)

EQ.1:x -translational degree-of-freedom

EQ.2:y -translational degree-of-freedom

EQ.3:z -translational degree-of-freedom

EQ.4: translational velocity in direction of vector
defined below (see note)

EQ.5:x -rotational degree-of-freedom

EQ.6:y -rotational degree-of-freedom

EQ.7:z -rotational degree-of-freedom

EQ.8: rotational velocity about vecter defined below
(see note)

EQ.9: tangential component for rotation about an axis

parallel to the globat axis and passes through point

EQ.10: tangential component for rotation about an axis

parallel to the globa) axis and passes through point

EQ.11: tangential component for rotation about an axis

parallel to the globat axis and passes through point

16-25 (19-28) Scale factor E10.0 (E10.0)
26-35 (29-38) x-coordinate of the point, or the head of vegtor, E10.0 (E10.0)
36-45 (39-48) y-coordinate of the point, or the head of vegtor, E10.0 (E10.0)
46-55 (49-58) z-coordinate of the point, or the head of vegtor, E10.0 (E10.0)
56-60 (59-63) velocity/acceleration flagACCEL 15 (15)

EQ.O: velocity (rigid bodies and nodes)
EQ.1: acceleration (nodes only)

Nodal velocities or accelerations may be imposed as a prescribed function of time. The time

variation is taken from a load curve, and may be arbitrarily scaled in the prescribed velocity/accel-
eration definition. This is convenient when many nodes have the same velocity or acceleration time
history but different amplitudes, since only one load curve needs to be defined in that case. Nodal
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velocities or accelerations may be specified with respect to the global axes or with respect to the
user defined vectar . The vecter originates at the origin and points toward the point specified in
the input. Further, velocities and accelerations may be specified as either translational or rotational.
Note that solid elements do not have rotational degrees-of-freedom, and therefore rotational veloc-
ities IDIR = 5-8) should not be prescribed for nodes connected only to solid elements.

Caution should be used when usiljR = 4 IDIR = 8 . These options specify the
magnitude and sign of the nodal velocity or nodal acceleratonponentin thev direction. This
feature permits boundary conditions to be prescribed in the global diraction  without excessively
constraining the kinematics in the other directions. These optiom®timpose an absolute nodal
velocity or nodal acceleration of specified magnitude (scale factor times load curve valuey in the
direction. To achieve this, each nodal velocity or nodal acceleration DOF should be uniquely
defined.

OptionIDIR = 9, 10, 11 influence only the tangential component of the velocity. They have no
effect on the other components.

It is not required that velocities be initially zero. However, if zero velocity initial conditions are
specified in section 4.27 on page 350 and prescribed velocity load curves are mot (at , then
a discontinuity in initial conditions is created, and this may excite very high frequency response in
the model.

Nodal velocities/accelerations may be prescribely for nodes of deformable bodies. Prescribed
translational and rotational velocities may be specified for an entire rigid body by giving the
negative of its material number in the node number field of the input. The acceleration flag
IACCEL pertains to nodes of deformable bodies only; acceleration may not be directly prescribed
for a rigid body.

Angular velocity may be specified for an entire rigid body by chodéi@F = 8 . Velocity is
then specified in the units of radians per unit time. The rigid body is assumed to rotate about a
vectorv passing through its center of mass if constraints permit, otherwise it will rotate as
permitted by the constraints to achieve the prescribed angular velocity at its center of mass.
Rotation of a rigid body about an axis other than its natural center of mass may be achieved by
prescribing Rigid Body Inertial Properties (section 4.41 on page 405) to relocate the center of mass
to the desired axis of rotation.
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For nodes of a deformable material, choosD@®F =9 interprets the prescribed quantity
(velocity or acceleration) as a tangential nodal component for rotation about an axis that passes
through the point and parallels the global axis. This option is useful for prescribing a spin
velocity about an axis, such as for the outer nodes of a cylinder spinning about the global -axis
(v = 0, 0, 0). Using this approach, only the magnitude of the tangential velocity of the node needs
to be prescribed along with the center of rotation, and DYNA3D internally accounts for the change
in velocity components due to the rotation. SIHGOF > 9 generates nodal velocity boundary
conditions, it is applicablenly to non-rigid materials.
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4.25 RIGID WALLS

Define the number of rigid walls specified on Control Card 5 in section 4.1 on page 62. Repeat the
following set of cards for each

definition.
Card 1
Columns Quantity Format
1-5 (1-8) Number of slave nodes 15 (18)
Leave this entry blank for automatic sorting of
slave nodes.

6-15 (9-18) x -coordinate of poilR  (must be on rigid wall) E10.0 (E10.0)
16-25 (19-28) y -coordinate of poift E10.0 (E10.0)
26-35 (29-38) z -coordinate of poirit E10.0 (E10.0)
36-45 (39-48) X -coordinate of poiQ (must be in space) E10.0 (E10.0)
46-55 (49-58) y -coordinate of poiiQ E10.0 (E10.0)
56-65 (59-68) z -coordinate of poir@ E10.0 (E10.0)
66-70 (69-73) Moving rigid wall optiodnMSWF 15 (15)

EQ.O: rigid wall is fixed in space
EQ.1: rigid wall has mass,,,;, and initial
velocity v,
71-75 (74-78) Stick condition optiohSTICK 15 (15)
EQ.O: frictionless sliding after contact
EQ.1: no sliding after contact
EQ.-1: finite friction; input the coefficient of
friction in the following card.
76-80 (79-80) Finite size rigid wall optiobJMIT 15 (12)

EQ.0 rigid wall extends to infinity
EQ.1: size and orientation is defined

The geometry of rigid wall definitions is shown in Figure 34. PBint is at the origin of the rigid
wall local coordinate system, and therefore must lie on the rigid wall surface.Qoint  is a pointin
space, and the rigid wall normal vector is defined as a vectorfronQ to . This normal vector
must point towards the impacting bodyLIMIT = 1 , the dimensions of the rigid wall plane
andly (as specified on the next card) are measured from the origin & point
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Users can ask DYNA3D to sort out the rigid wall slave nodes automatically by not defining the
number of the slave nodes in Card 1. DYNA3D would then include all nodes between the rigid wall
and the imaginary plane that is parallel to the rigid wall and passes through point Q as the slave
nodes.

After impact, three friction options are available for rigid wall$STICK = 0, then the wall is
frictionless, and no resistance is provided to transverse motion in the plane of the wall. If
ISTICK = 1, then sufficient friction is provided to prevent any transverse motion of the
contacting body in the plane of the wall. #TICK = -1 , a coefficient of friction is read from the
nex card and finite frictional forces proportional to the coefficient are applied to resist the transerse
motion.

impacting body

Figure 34
Rigid wall definition.
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Card 1A
Define this card only if STICK = 1.
Columns Quantity Format
1-10 Coefficient of Friction E10.0
Card 1 + LIMIT
Define this card only ifLIMIT = 1.
Columns Quantity Format
1-10 x -coordinate of poinR E10.0
11-20 y -coordinate of poiriR E10.0
21-30 z -coordinate of poinR E10.0
31-40 Length o, edge, (see Figure 34) E10.0
EQ.0.0: extends from negative to positive infinity

41-50 Length ofy, edgée

E10.0
EQ.0.0: extendys from negative to positive infinity

Note thatl, and, cannot both be zero if the finite rigid wall option is adtNéIT = 1 ).

Card 1+LIMIT+IMSWF

Define this card only ifIMSWF = 1.

Columns Quantity Format
1-10 Total mass of rigid walm,, E10.0
11-20 Initial velocity of rigid wally, , in direction of normal vectar, E10.0
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Card 2+LIMIT+IMSWEF, . . .

Define these cards for all rigid walls only if a non-zero number of slave nodes is specified in
Card 1. (Use parenthetical values for large format input.)

Columns Quantity Format
1-10 (1-8) Slave number 15 (18)
6-10 (9-16) Node number 15 (18)
Omitted slave nodes are automatically generated using node numbers found from the formula
Ny = Ntk (332)

where the node number incremént is given by

n;—n;
_ (333)
S~ S

A rigid wall is a flat surface defined by a normal veator, . It may be of infinite extent in each
direction LIMIT = 0), or may be finite in either or both in-plane directioneMIT =1 ). The
rigid wall may be fixed in spacéMSWF = 0 ), or may have a defined mass and initial velocity
in the direction of the normal vector INSWF = 1 ). The surface of the wall may be frictionless
(ISTICK = 0)orfrictional ISTICK = 1). The impacting body is defined by listing nodes which
are not permitted to penetrate the rigid wall. Nodes whichairiésted may penetrate the wall
without resistance. Defining a rigid wall of finite extent allows the possibility that the impacting
body may pass outside the area of the rigid wall, and in that case no impact will occur.

Rigid walls are an inexpensive method for modeling unilateral contact (i.e., contact between a
deforming body and a rigid body) when the target surface is planar. Moving rigid walls can be
useful in modeling pendulum impact tests.

The normal force componet of each Rrgid wall is contained in the time history files and may be
optionally printed out to thEORCESile via the rigid_wall switch (see KEYWORD-BASED
CONTROL FEATURES on page 73).

347



INPUT FORMAT

DYNA3D User Manual

4.26 NODAL CONSTRAINTS

Define the number of nodal constraint sets specified on Control Card 5 in section 4.1 on page 62.

Columns
1-5 (1-8)
6-10 (9-13)

11-20 (14-23)

21-30 (24-33)

Columns
1-5 (1-8)
6-10 (9-16)

11-15 (17-24)

Card 1
Quantity Format
Number of nodes that share degrees-of-freetlom, 15 (18)
Degrees-of-freedom in commoDOF 15 (15)

EQ.O: special “spotwelded nodes” option

EQ.1:x -translational degree-of-freedom

EQ.2:y -translational degree-of-freedom

EQ.3:z -translational degree-of-freedom

EQ.4:x andy -translational degrees-of-freedom
EQ.5:y andz -translational degrees-of-freedom
EQ.6:z andx -translational degrees-of-freedom
EQ.7:x,y, andz -translational degrees-of-freedom
EQ.8: special “rigid node set” option

SWMAX extension limit folDOF=0. E10.0 (E10.0)
Must be 0.0 or a positive number.

SWMIN compression limit folDOF=0 E10.0 (E10.0)
Must be 0.0 or a negative number.

Card 2
Quantity Format
Node number of first node to be tied 15 (18)
Node number of second node to be tied 15 (18)
Node number of third node to be tied 15 (18)

Continue on additional cards in the same format dhtil  nodes have been specified.
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Nodal constraints allow sets of nodes to share a common degree-of-freedom. These degrees-of-
freedom are in the global coordinate systedrDfOF >1 . Any number of nodes may be included
in a nodal constraint set.

The “spotwelded nodes option[YOF = 0 ), constraints two nodes to move only along the
direction defined by these two nodes while rotating into arbitrary configurations during the defor-
mation. The constraint only applies to the translation degrees-of-freedom (D@ky)two nodes

may be specified if the spotwelded nodes option is Widdthis option, a vector is internally

defined from nod@e; tonod& . The distance betwgemdn, could vary between

(1+SWMAX)) and(1+SWMIN)p during the deformation, whetgis the original length between

n, andn,. When bothSWMAXandSWMINare zero, it is equivalent to using a rigid beam or truss
element between nodes amg . However the present option is less expensive and simpler to
define. The nodes cannot be coincidental. (Nodes which are found to be coincidental have their
IDOF internally switched tdDOF = 7 .)

The “rigid node set” option [DOF = 8 ) allows a set of nodes to translatea@tate through
space as if the nodes formed a single rigid body. Unllkx®F = 0 7 to ,thisoption couples nodal
rotational DOF. Although this response could equivalently be modeled using rigid beam or truss
elements between the different nodes, this option is less expensive and simpler to use.
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4.27 INITIAL CONDITIONS

Cards 1, ...

Define these cards if the initial condition flag is nonzero on Control Card 5 in section 4.1 on page
62.

Columns Quantity Format

1-5 (1-8) Node number 15 (18)
6-15 (9-18) Initial velocity inx -direction E10.0 (E10.0)
16-25 (19-28) Initial velocity iry -direction E10.0 (E10.0)
26-35 (29-38) Initial velocity ire -direction E10.0 (E10.0)
36-40 (39-43) Generation incremekht, 15 (15)

Nodal velocity initial conditions are defined in this section. Initial velocities must be input for the
first node, node 1, and the last nod&JMNP | if the initial condition flag on Control Card 5 is
nonzero. Initial velocities for intermediate nodes may be input directly, or may be generated inter-

nally using a node number incremént . Linear interpolation between specified values is used to
define initial velocities for omitted nodes.

Initial velocities for rotating bodies may be easily generated in DYNAS3D using the Material Initial-
ization for Rotational Motion option described in section 4.46 on page 413.

If prescribed nodal velocities (section 4.24 on page 341) are also present in the model, care should
be taken to ensure that the given initial velocity agrees with the prescribed nodal velacity@t

350



DYNAS3D User Manual SLIDING INTERFACE DEFINITIONS

4.28 SLIDING INTERFACE DEFINITIONS

DefineNUMSI sliding interfaces as specified on Control Card 5 in section 4.1 on page 62. Define
all NUMSI slide surface control card sets first, then define slave and master segment/node cards
as needed. Note that the type 11 (SAND) slide surface requires several control cards, and that
additional control data can be entered with keywords.

Card Sets1, . . .. NUMS'

Columns Quantity Format
1-5 (1-8) Number of slave segments (types 1-4, 9-11, & 15 (18)
optionally 12 &13) or slave nodes (types 5485 S
6-10 (9-16) Number of master segments (types 1-3, 5-11, & 15 (18)
optionally 12 & 13)NMS
11-15 (17-21) Slide surface typd,YPE 15 (15)
1-sliding only
2-tied

3-sliding with separation and friction
4-single surface contact
5-discrete nodes impacting surface
6-discrete nodes tied to surface
7-shell edge tied to shell surface
8-nodes spotwelded to surface
9-tied with failure
10-one way algorithm for sliding with
separation and friction
11-SAND (adaptive) contact for material failure
12-automatic contact: all materials
13-automatic contact: domain and material
limited
14-automatic contact with SAND: domain and
material limited

16-25 (22-31) Static coefficient of frictiopi, E10.0 (E10.0)
26-35 (32-41) Dynamic coefficient of frictiop, E10.0 (E10.0)
36-45 (42-51) Exponential friction decay coefficiefit, E10.0 (E10.0)
46-50 (52-56) IITYPE <12, small penetration search flHgEN 15 (15)
EQ.O:default

EQ.1:penetration > element thickness ignored
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Columns

51-55

56-60

61-70

71-80

(57-61)

(62-66)

(67-73)

(74-80)

Quantity

Format

If ITYPE>12, initial penetration option|PEN
EQ.O:default is setto 1
GT.0:exclude all nodes that generate contact on
initialization from the set of active slave
nodes.
LT.0: exclude no nodes during initialization.

Output slave side data in printed interface force
file
EQ.O:don't print (default)
EQ.1:print total slave force only
EQ.2:print individual node and total forces
(very verbose)

Output master side data in printed interface force
file
EQ.O:don't print (default)
EQ.1:print total master force only
EQ.2:print individual node and total forces
(very verbose)

Scale factor on default slave penalty stiffrigss,
GT.0.0:Scale factor on default slave penalty
stiffness
EQ.0.0:Default setto 1.0

Scale factor on default master penalty stiffi&ss,
GT.0.0:Scale factor on default master penalty
stiffness
EQ.0.0:Default set to 1.0

15

E10.0

E10.0
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ADDITIONAL CONTROL CARDS FOR SAND (TYPE 11) CONTACT SURFACES

Define the following additional Slide Surface Control Cards for SAND (type 11) contact:

Columns Quantity Format
1-5 (1-5) No. of materials in slave SAND volume, NSVM 15 (15)
6-10 (6-10) No. of materials in master SAND volume, NMRM 15 (15)

Next, define NSVM cards listing the material numbers which comprise the slave side SAND
volume. Each card should have the following format:

Columns Quantity Format

1-5 (1-5) Material number to be included in the slave 15 (15)
SAND volume

Now, define NMRM cards listing the material numbers which comprise the master side SAND
volume. Each card should have the following format:

Columns Quantity Format

1-5 (1-5) Material number to be included in the master 15 (15)
SAND volume

Note that the same material number should never appear in both a slave SAND volume definition
and a master SAND volume definition. It is acceptable to have no SAND volumes on either the
slave or master sides, but in this case the slide surface will not be adaptively redefined, and slide
surface type 3 may yield a more efficient solution to the problem. Other than the definition of
SAND volumes as described above, type 11 (SAND) contact is defined in exactly the same way as
type 3 slide surface (sliding with separation and friction).
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Optional Keyword Prescribed Slidesurface Control Features

An assortment of optional slidesurface features are available via keyword input. The keyword
definitions must immediately follow the last line of the required control card(s) data and be termi-
nated with theendfreekeyword. The keyword and associated parameters are prescribed follow the
same convention used to define the analysis control cards (see section 4.2 on page 73) and override
any values defined in the main slidesurface control card. Note, not all keywords are valid for all

slidesurface types.

static pg
dynamic
decay 3

endfree

exp_nn

exp_sm

failure_n F;, oro

failure_sF, oro

icurve icurve

General Control Options

Friction factors:
Static coefficient of friction
Dynamic coefficient of friction
Exponential friction decay coefficient

End keyword input

Default normal failure criterion exponem{type 8). This value
is used when type 8 slave surfaces are self-generated onigen
zero on the slave segment cards. (Defauip: r=0.0)

Default shear failure criterion exponenftype 8). This value
is used when type 8 slave surfaces are self-generated onwhken
zero on the slave segment cards. (Defauip: s0.0)

Default value foF;, (type 8) ar; (type 9). This value is used
when type 8 or 9 surfaces are self-generated or When o ;or s
zero on the slave segment cards. (Deféailture _n=0.0)

Default value foF ; (type 8) ar; (type 9). This value is used
when type 8 or 9 surfaces are self-generated or When oior  is
zero on the slave segment cards. (Deféailure s=0.0)

Load curve number used to scale the penetration distance with
time. (Types 3, 5, and 9-14 only)
EQ.0.0: penetration amounts are not scaled (default)
GT.0.0: load curve number whose temporal value is used to
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ipenipen

itype itype

lagop lagop

master_smooth

mfactor S,

no_relocate

prints prints

printm printm

scale the penetration distance. During initialization of
slidesurface type 3, 5, 9, and 10, initial penetration is
ignored.

Small penetration search fldgEN ITYPE<11l )
EQ.0.0: default
EQ.1.0: penetration > element thickness ignored
Initial penetration optiohPEN 12<ITYPE<14 )
EQ.0.0: defaultissetto 1
GT.0.0: exclude all nodes that generate contact on
initialization from the set of active slave nodes.
LT.0.0: exclude no nodes during initialization.

Slide surface type

Lagrange constraint option
EQ.0.0: penalty method (default)
EQ.2.0: direct Lagrange constraint enforcement method
(slide surface type 10 only)
EQ.3.0: iterative Lagrange constraint enforcement
method (slide surface types 3, 5, 10, 12, 13,
and 14 only)

Activate spherical representation of the master surface. The
slave nodes locally see a spherical surface defined by the current
position of the master nodes (obtained via a least squares fit).

Master surface scale factor
GT.0.0: scale factor on default master penalty stiffness
EQ.0.0: default setto 1.0

Do not relocate nodes during initialization to eliminate initial
interpenetration. Automatically activated whiemirve# 0
(Slide surface types 1, 3, 5, 8, 9, 10, and 11 only)

Output slave side data in interface force file
EQ.0.0: don't print (default)
EQ.1.0: print total slave force only
EQ.2.0: print individual node and total forces (very verbose)

Output master side data in interface force file
EQ.0.0: don't print (default)
EQ.1.0: print total master force only
EQ.2.0: print individual node and total forces (very verbose)
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radius radius

sfactor S;

slave_smooth

thickness

Default slave nodeadius (type 5). This value is used when
type 5 slave surfaces are self-generated or wddinsis
zero on the slave segment cards. (Defaattius=0.0)

Slave surface scale factor
GT.0.0: scale factor on default slave penalty stiffness
EQ.0.0: default set to 1.0

Activate spherical representation of the slave surface. The
master nodes locally see a spherical surface defined by the current
position of the slave nodes (obtained via a least squares fit).

Account for shell element thickness (type 3, 5, 8, 9, and 10 only).
Note, types 4, 11, 12, 13, and 14 automatically account for shell
element thickness in their formulations.
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Self-Generation Options
(Valid for Types 1, 2, 3, 5, 6, 7, 8,9, and 10)

flip_master After the master segments are internally generated, reverse the
orientation for segments generated from shell elements.

flip_slave After the slave segments are internally generated, reverse the
orientation for segments generated from shell elements.

master_in mat#l mat#2 mat#3 ... mat#n
Consider only elements with thesenaterial numbers when
constructing the master segments for this surface.

master_exmat#1 mat#2 mat#3 ... mat#n
Consider all elemenexceptthose with thesa material
numbers when constructing the master segments for this surface.

slave_inmat#1 mat#2 mat#3 ... mat#n
Consider only elements with thesenaterial numbers when
constructing the slave segments or nodes for this surface.

slave_exmat#1 mat#2 mat#3 ... mat#n
Consider all elementexceptthose with thesa material
numbers when constructing the slave segments or nodes for this surface.

sym_planen, n, n, X,_, X,_y X,_, Tol
Contact symmetry plane defined by equation (337) (on page 374)
n - vector normal to surface
X, - point on plane

Tol - tolerance

y

Components of the domain limiting box:

Xmin xmin Minimum x-direction value. (default=-1.0e+25)
Xmax xmax Maximumx-direction value. (default=1.0e+25)
ymin ymin Minimum y-direction value. (default=-1.0e+25)
ymax ymax Maximumy-direction value. (default=1.0e+25)
zmin zmin Minimum z-direction value. (default=-1.0e+25)
Zmax zmax Maximumz-direction value. (default=1.0e+25)
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Automatic Contact Options

(Types 12, 13, and 14)
General Features

gap_mult g1t Non-linear penalty method option (default 0.0)
EQ.O: linear penalty method used
GT.0.0: multiplier used to scale non-linear penalty stiffness

gap_offsetg ..  Non-linear penalty method offset (default 0.10)
ibkuac ibkuac Number of cycles between bucket sorts (default - variable)

ibkuacmin ibkuacmin
Minimum # of cycles between bucket sorts (default 10)

ibkuacmax ibkuacmax
Maximum # of cycles between bucket sorts (default 100)

ilocacilocac Number of cycles between characteristic dimension updates (default 10)

iactkup iactkupx  # of cycles between thickness update of segments associated with
hex elements (default 500). [Decrease this value if hex elements
are crushed more than 50%iactkupxcycles.]

ipenipen Initial penetration option
EQ.O: defaultis setto 1
GT.0.0: exclude all nodes that generate contact lesspleanthres
on initialization from the set of active slave nodes.
LT.0.0: exclude no nodes during initialization.

pen_threspen_thres
Penetration threshold for initialization (default 0.0).

thicsl thicsl Shell thickness scale factor
EQ.0.0: default is setto 1.0
GT.0.0: Shell element thicknesses are scaletthibglin the
contact idealization.
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Manual Segment Definition
(Types 12 and 13)

segmentssegments User defined segment option:

EQ.O: Segments internally generated (default)

EQ.1.0: User defined slave and/or master segments specified.
Segments associated with shell elements are treated
as shell elements, with thickness, by the AC algorithm.

GT.1.0: Users defined slave and/or master segments specified.
Segments associated with shell elements are treated as
brick elements, with out thickness, by the AC algorithm
and have an effective depth®tgments thickness .
(This option generates behavior similar to type 3 contact,
but is potentially more robust theegments= 1 )

Domain Limiting and Geometry Features
(Types 13 and 14)

Components of the domain limiting box:

Xmin xmin Minimum x-direction value. (default=-1.0e+25)
Xmax xmax Maximumx-direction value. (default=1.0e+25)
ymin ymin Minimum y-direction value. (default=-1.0e+25)
ymax ymax Maximumy-direction value. (default=1.0e+25)
zmin zmin Minimum z-direction value. (default=-1.0e+25)
Zmax zmax Maximumz-direction value. (default=1.0e+25)

mat_in mat#l mat#2 mat#3 ... mat#n
Include only thesa material numbers in the contact domain

mat_exmat#l mat#2 mat#3 ... mat#n
Include all material numbers in the contact doneicepthesen

sym_planen, n, n, X,_, X,_y X,_, Tol
Contact symmetry plane defined by equation (337) (on page 374)
n - vector normal to surface
X, - point on plane

Tol - tolerance

y
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SAND Volume Limiters
(Type 14 only)

smat_in mat#1 mat#2 mat#3 ... mat#n
Consider only elements with thesenaterial numbers as active
SAND volumes. Only material numbers and elements already in
the contact domain will be included.

smat_exmat#1l mat#2 mat#3 ... mat#n
Consider all elements and material numbers already in the contact
domainexceptthesen material numbers as active SAND volumes.
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Rigid-Body Sphere-to-Sphere Idealization
(For type 3 contact only)

PIV Hyiyot Coefficient of pivoting resistance

rigid rigid Rigid spherical contact idealization configuration
EQ.2: Slave and master spheres are external to each other
EQ.3: Master sphere resides inside the slave sphere
EQ.4: Slave sphere resides inside the master sphere

rigid_master rigid_master
ABS(rigid_maste): Material number of master rigid-body
GT.0: Master surface is a full sphere
LT.0: Master surface is a hemi-sphere

rigid_slaverigid_slave
ABS(rigid_slave: Material number of slave rigid-body
GT.0: Slave surface is a full sphere
LT.O: Slave surface is a hemi-sphere

roll W,q, Coefficient of rolling resistance

stiff stiff Penalty stiffness
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No additional input is needed for type 12, 13, and 14 (automatic) contact or for self-generated slave
and/or master surface definitions. In all other cases, dBfih®1 S| sets of slave segments or nodes
and master segments as specified on the Slide Surface Control Cards described above. For each
sliding interface, define first any needed slave segments or nodes, then the necessary master
segments. Repeat this pattern until slave segments or nodes and master segments are defined for all
NUMSI sliding interfaces.

SLAVE SEGMENTS

Cards NUMSI+1, . .., NUMSI+NSS

Define the slave surface using the followisigve segmertards for sliding interface types 1-4, 9-
11 and, optionally, for 12 and 13. For slide surface types 5-8, omit this slave surface definition and
instead use the slave node definitions described later in this section.

Columns Quantity Format
1-5 (1-8) Slave segment number 15 (18)
6-10 ) Generation incremerk, 5 (omit)

11-15  (9-16) Noden, 15 (18)
16-20 (17-24) Node, 15 (18)
21-25 (25-32) Node, 15 (18)
26-30 (33-40) Node, 15 (18)
31-40 (41-50) Normal failure stress,;  (Type 9 only) E10.0 (E10.0)
41-50 (51-60) Shear failure stresg; (Type 9 only) E10.0 (E10.0)

Omitted slave segment definitions are automatically generated by incrementing the node numbers
by the generation incremerkt,

0,; ando should be assigned sufficiently high values if no failure mechanism is needed. It would
be equivalent to type 2 slideline, but at a higher cost. Leagig  capd blank or assigning zero
to them does not disable the failure mechanism.
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Define the discretslave nodesor sliding interface types 5-8. For sliding interface types 1-4, 9-11,
and, optionally, 12 and 13, omit this slave node definition and instead use the slave surface
definition described previously.

SLAVE NODES

Columns Quantity Format
1-5 (1-8) Slave number 15 (18)
6-10 (9-16) Node number 15 (18)
11-20 (17-26) Normal force at failurgs, (type 8 only) E10.0 (E10.0)
Slave node radiufRad (type 5 only)
21-30 (27-36) Shear force at failufe,,  (type 8 only) E10.0 (E10.0)
31-40 (37-46) Failure criterion exponent for normal force, E10.0 (E10.0)
(type 8 only)

41-50 (47-56) Failure criterion exponent for shear fonce, E10.0 (E10.0)

(type 8 only)
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Define the master surface using the following master segmentfoarsigling interface types 1-3,
5-11 and, optionally, 12 and 13, only. A master surface is not defined for single surface contact
(sliding interface type 4).

MASTER SEGMENTS

Cards NUMSI+NSS+1, . . ., NUMSI+NSS+NMSI
Columns Quantity Format
1-5 (1-8) Master segment number 15 (18)
6-10 ) Generation incremerk, 5 (omit)
11-15 (9-16) Noden, 15 (18)
16-20 (17-24) Node, 15 (18)
21-25 (25-32) Node, 15 (18)
26-30 (33-40) Node, 15 (18)

Node numbers for omitted master segments are generated internally using a node number
increment ok .

SEGMENT DEFINITION

Sliding interfaces are described by defining one slave surface and one master surface. Each surface
is then described as a collection of quadrilateral or triangular segments. Master and slave segments
are described by listing four corner nodes, n,- ; triangular segments may be defined by
repeating the last node, = n; ). Sliding interface segments correspond to element faces on the
contact surface. For faces of solid elements, the ordering of nodes defining the slide surface
segment may be either clockwise or counterclockwise; DYNA3D internally computes the correct
segment outward normal vectéor faces of shell elements, the nodes defining the slide surface
segment must be counterclockwise such that the resulting segment normal vector, computed using
the “right-hand rule” as seen in Figure 35, points toward the potentially contacting surfBcat
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is, normal vectors for slave segments should point toward the master surface, and normal vectors
for master segments should point toward the slave surface (see Figure 36). Segments may be given
in any order to define a master or slave surface.

Figure 35:
Numbering and normals for slide surface segment definitions.

nslave

nmaster

Figure 36
Sliding interface definition showing opposing orientation of normal vectors.
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SELF-GENERATION OF SEGMENT DEFINITIONS

The slave segments, the slave nodes, and the master segments, as well as their corresponding
numbers, may be automatically generated for slide surface types 1, 2, 3,5, 6, 7, 8, 9, and 10 using
the new self-generation features. The user specifies the material numbers associated with the slave
and/or master sides and, optionally, a set of domain limiters. The exterior facets on the selected
materials are assembled and used as the contact segments. Slave nodes for type 5, 6, 7, and 8
surfaces are generated from the nodes on exterior facets as well as from any beam elements whose
material numbers have been specified. After the segments have been determined, their orientation
is established.

The segment orientations for each surface is determined using brick and thick shell data, element
connectivity, and the initial geometry. The orientation of all segments associated with brick or thick
shell elements are established so that their outward normals point away from the element’s interior.
When present, brick-based and thick shell-based segments are used to determine the orientation of
topologically connected shell-based segments. When this information is not available or the
surface is disjoint, the node closest to the mating surface (or node set) is used to established the
shell-based segment orientation. Again, using local element connectivity, the outward normal is
propagated across the surface. The process is repeated until the outward normals for all the
segments have been defined.

When shell-based segments are present, the segment orientation may be deficient. This typically
arises because the relative location of the master and slave surface differ between initialization and
at contact, the slide surface has initial penetration, or the shell element thickness has not been
accounted for in the initial geometry. To over come this, the user can optionally “flip” the segment
orientation of the shell elements. Unfortunately, some geometries are too complex for self-gener-
ation to correctly establish segment orientation, and the user must explicitly define the segments or
break the surface into several more tractable surfaces.
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SHELL THICKNESS

The contact formulations used in single surface (type 4), SAND (types 11 and 14), and Automatic
Contact (types 12, 13, and 14) account for the thickness of a shell element in contact calculations.
All other contact options operate using the midplane definition of shell elements for the surface
definition. However, for slide surface types 3, 5, 8, 9, and 10, the user can optionally account for
shell element thickness.

SLIDING INTERFACE TYPES

Thesliding only (type 1) slide surface is a two-surface method based on a nodal constraint formu-
lation. The two surfaces are allowed to slide arbitrarily large distances without friction, but are not
permitted to separate or interpenetrate. This option performs well when extremely high interface
pressures are present. The more coarsely meshed surface should be chosen as the master surface
for best performance.

Thetied (type 2) slide surface is not really a slide surface at all, but is a feature for joining two parts
of a mesh with differing mesh refinement. This is also a nodal constraint formulation, so the more
coarsely meshed surface should be chosen as the master surface. Tied interfaces may only be
defined between surfaces of bodies discretized with solid elements.

Thesliding with separation and friction (type 3) slide surface is the most generally applicable
option. This implementation is a penalty formulation, and allows two bodies to be either initially
separate or in contact. Large relative motions are permitted, and Coulomb friction is included.
Surfaces may separate and come together in a completely arbitrary fashion. Contact between shell
surfaces and solid body surfaces is supported. The choice of master and slave surfaces is not
important in this formulation.

A rate-dependent Coulomb friction model is used in DYNA3D. The coefficient of friction is given
by

M=yt (Hg—p)e PV, (334)
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wherep andy, are the static and kinetic friction coefficighits, is a transition coefficient
governing the rate of change from static friction to kinetic friction, apgl is the relative velocity
between the two sliding surfaces. Note thatjf= 0  §ne O , then a rate-independent friction
model is recovered with = pg

Thesingle surface contac{type 4) slide surface is a penalty formulation used for modeling two
portions of the same body which may come into contact. This situation often arises in buckling
problems, where one surface develops folds and comes into contact with itself. This option may be
used with either solid or shell element surfaces. Frictional sliding is permitted between surfaces in
contact. When used with shell element surfaces, it is only necessary to define one side of the surface
in the slide surface definition; internal logic accounts for the possibility that contact may occur on
either side. Due to the complexity of this algorithm, it is slightly more expensive than the other
slide surface options, and therefore should only be used where necessary. Note that no master
surface is defined for single surface contact.

Thediscrete nodes impacting surfacétype 5) slide surface is a penalty formulation which allows
separate definition of the slamedesand mastesurface This option is necessarily not symmetric,

since no slave segments are defined. This feature can be used to model the impact of beams or shell
edges onto a solid or shell surface, for example. The target surface is specified as the master
surface, and the nodes of the beams or the shell edge nodes are defined as the slave nodes. Coulomb
friction may be defined between the nodes and the master surface. An optional slave node radius,
Rad, may be included to account for thickness effects. Contact then occurs when the distance
between the node and surface is less fRad

Thediscrete nodes tied to surfacétype 6) slide surface is analogous to the “discrete nodes
impacting surface” option described above except that the slave nodes are required to remain
rigidly attached to the master surface at their initial location. This feature is sometimes useful in
joining two parts of a difficult mesh.

Theshell edge tied to shell surfacétype 7) slide surface is another specialization of the tied slide
surface idea, although the implementation is somewhat different. This option allows the easy
definition of intersections between a shell edge and a shell surface when the mesh spacing prevents
merging nodes. Nodes should be merged in lieu of using this slide surface when possible, however,
to obtain the least expensive solution.
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Thenode spotwelded to surfacéype 8) slide surface is a combination of the type 5 and type 6
slide surfaces. Slave nodes are constrained to remain on the master surface until a prescribed failure
criterion is satisfied. Once the spotweld has “failed,” the node is released and then the slide surface
functions as a type 5 slide surface.

The failure criterion for spotwelds is

F,n Fgm
tF b TR

fn

>1, (335)

whereF ;, andr; are the specified normal and shear failure strerigths, F.and are the current
normal and shear forces in the spotweld, and @nd are the specified failure criterion exponents.

Thetied with failure (type 9) slide surface is axperimentapenalty method formulation. This

option functions as a tied slide surface until a prescribed failure criterion is satisfied, thereafter the
slide surface functions as a type 3 slide surface. This option may only be used between surfaces
defined from solid elements, and the designation of the master and slave surfaces does not affect
the results with this formulation.

The failure criterion for the type 9 “tie-break” interface is

F 2 F_2

n S
b e 2L (336)

nf sf
whereF,, and~ are the total normal and shear forces acting on a segménf, andF,; and  are
the normal and shear failure forces for the segment; these values are internally computed based on
the segment area and the specified normal and shear failure stigsses,o ; and

Theone-way algorithm for sliding with separation and friction (type 10) slide surface is an
unsymmetric implementation of the algorithm described for type 3 above. This option may effec-
tively be used when one surface is defined as part of a rigid body, as often occurs in metal forming
problems. This algorithm is somewhat less expensive than the symmetric type 3 algorithm, but may
yield poor results if used between two deformable bodies. The master surface should correspond
to the rigid surface, and the slave surface should correspond to the deformable surface.

This slide surface contains a modified Lagrange formulation designed for forming processes in
which the slave surface is a deformable body and the master surface is a rigid material with
prescribed kinematics. In this case the contact force can be determined “exactly”. To activate this
constraint enforcement option, the slave constraint factor should beSette-2
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TheSAND (Slidesurfaces with Adaptive New Definitionsftype 11) slide surface is an algorithm

for modeling material failure along contact surfaces. A failure criterion is defined for a volume of
material adjacent to a SAND contact surface; these volumes of potentially failing material are
calledSAND volumesgsee Figure 38). As material within an element on the contact surface fails,
the failed element is removed from the calculation and the slidesurface definition adapts to the new
exterior boundary of the unfailed material. SAND contact may include arbitrary mixtures of solid
elements and shell elements, as shown in Figure 37. A SAND volume may be composed entirely
of solid elements or shell elements for simple structures, or may include an external layer of shell
elements followed by layers of solid elements and shell elements as needed to model a honeycomb
or composite structure. Only the outside surface region of potential contact needs to be included in
the initial sliding interface definition, so this definition is exactly the same as it would be for the
usual (type 3) slide surface. SAND volumes are defined by listing the DYNA3D material numbers
(not material types) for all materials which comprise the SAND volume. A SAND contact interface
may have a SAND volume on only the master side, on only the slave side, or on both the master
and slave sides. This capability allows efficient modeling of problems where failure is expected to
occur only on one side and problems where failure may occur on both sides of a sliding interface.
SAND contact interfaces allow improved modeling of many penetration and failure problems with
DYNA3D.

O o °

Shell + 2 Solids Shell + 1 Solid 1 Solid 1 Shell
Figure 37:
Various combinations of shell and solid elements which can be used in a SAND contact
definition to model composite and “built-up” structures.

Notes for Using SAND:SAND requires that the results be processed using an appropriate
postprocessor, as the plot database must contain new information. To signal DYNA3D to write this
new format database, the SAND database flag must be set on Control Card 3 (section 4.1 on page
62). Also, the current SAND algorithms only adapt when elements are removed from the calcu-
lation. Thus, the user must now specify both a material or time-step failure criteria as well as an
element deletion criteria to activate the SAND algorithm.
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contact segment
SAND volume

contact surface
boundary

Slave Master
Figure 38:
Definition of SAND volumes containing material which can potentially fail. SAND volumes
are adjacent to a SAND contact surface on one or more sides.

Automatic contact (types 12, 13, and 14) is a relatively new and continuously evolving slides-
urface type in DYNA3D, e.g. in 1998, the basic algorithm was substantially updated. Although the
underlying search and detection algorithms used jointly by all three automatic contact types differ
greatly from the other DYNA3D contact options, from a user’s perspective the main difference is
that automatic contact doast require the specification of contact surfaces - they are “automati-
cally” defined, but currently only for nodes and facets of solid and shell elements. This greatly
simplifies the development of complex DYNA3D models, but may lead to a slight increase in
computation time. Optionally, the user may specify either or both slave and master segments. In
either case, all segments are internally treated as slave segments.

The current implementation assigns a “pin-ball” thickness to all shell element nodes. The nodal
thickness is the smallest thickness or characteristic element dimension, defined as 2/5-th of the
shortest element side or diagonal, of all shell elements attached to a node. Using the nodal thick-
nesses, a three-dimensional “pen” is created around each shell element. (The pen’s thickness equals
the nodal thickness at the element’s corners.) Contact occurs whenever any “pen” or brick element
interpenetrates another “pen” or brick element.
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Because of the “pen” concept used, shell element nodes that are coincidental in space, even if
constrained together, will generate penetration forces between each other. Thus, shell element
geometries must be constructed accounting for the shell thickness. Furthermore, mesh refinement
is not guaranteed to yield convergent results whenever the characteristic inplane shell element
dimension becomes smaller than the element thickness. When this occurs, the pen size changes
with mesh refinement.

Automatic contact detects contact only when the slave node resides within a shell’s ‘pen’ or the
front half of a brick element. Thus, timestep sizes should be limited such that a slave node moves
less than about 1/8 of an elements thickness in a single timestep. This can be easily achieved by
using a load curve to limit the timestep size (seelt6dM option in CONTROL CARDS on page

62). Also, the Lagrange solver option reduces many automatic contact issues and is recommended
especially for high-velocity impact problems.

In the current implementation, the initial mesh is evaluated for contact during the first time step the
slidesurface is active. Slave nodes that generate contact forces during the first step are deactivated
for the remainder of the calculation. A listing of the deactivated slave nodes and the master
segments that produced the contact is provided ilmgipefile. This nodal deactivation feature can

be disabled by specifying the negativdBEN , the robustness option.

The automatic contact debug option is useful when debugging models that employ automatic
contact. (The debug option is enabled by setting the ninth-field on control card 3, the SAND
database flag - keyworslandh to “2”.) This option initializes the model and runs it a few cycles
creating a plot state for each slide surface in the problem. Both the plot state number and analysis
time correspond to the slidesurface number. For each automatic contact surface, the plot state
contains only elements whose facets were master segments involved in contact during initial-
ization. For convenience the last plot state shows the entire model. This feature also extends the
output included in thiasp file about contact detected on initialization. A separate file, named
mover, contains information about the initial contact detected. It gives the slave node number,
penetration vector (approximately the “surface normal” times penetration depth), penetration
depth, distance from the slave node to the master segment, and suggests two possible alternative
initial coordinates for the slave node. This information is intended to assist the user in modifying
the input deck to eliminate initial contact.

372



DYNAS3D User Manual SLIDING INTERFACE DEFINITIONS

Automatic contact employs several competing sorting techniques to minimize computational cost.
Using a bucket-sort algorithm and a course position- and velocity-based screening criterion, all
potential contact segments are periodically identified for each active node {lekeagcycles. At

ever cycle, the list of potential contact segments for each node is then used to determine if contact
or interpenetration exists. The present algorithm permits nodes to be in contact with multiple
segments. This greatly improves robustness especially in shell-to-shell-to-shell contact situations.

The default values afocac andibkuaccan be altered. In most problems, the deféadaic and
ibkuacvalues provides excellent results, but in extreme cases a smaller interval may be desirable.
Sinceilocaccontrols how often the characteristic dimensions used to evaluate contact are updated,
most problems are insensitive to a reduction in its value. On the other hand, the ibgtiaal

value varies during a problem and depends upon both problem type and computational platform.
The number of cycles between bucket salikuag greatly influence the total compositional cost

of contact and can be allowed to vary betwddmacminandibkuacmaxthe present default

method) or fixed by externally specifyiitikuac While increasingbkuacdecreases the number
bucket-sorts performed, it increases both the bucket- and local-sort costs and, in high velocity
impacts, decreases the bucket-sort accuracy. The variable method attempts to dynamically
minimize the total contact cost by picking the best valublafacbased upon the geometry and
dynamics present at the beginning of each bucket sort. In limited testing of high velocity impact
events, the default approach has yielded near optimal results in terms of overall computational
performance.

Types 12and13 automatic contacts are identical, but are maintained as separate types to provide
downward compatibility during input. By default all brick and shell elements are included in the
contact definition. However, several features exist in types 12 and 13 contact to reduce computa-
tional time in large or complex problems. The physical extent or domain of the automatic contact
can be limited within a model. During initialization, automatic contact determines the exterior
surfaces of all brick and shell element parts within the model and designates them as potential
contact segments. The list of contact segments can be reduced by removing all segments that do
not existcompletelyin a user-defined contact box during initialization. The segment list is further
decreased by deleting any segments formed from elements whose material numbers are explicitly
excluded from automatic contact. In many problems where contact occurs only in a region of the
mesh, substantial computational savings can be achieved without scarifying any of the benefits of
automatic contact.
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When symmetry has been used to reduce a model, contact symmetry planes should be defined to
correctly enforce contact conditions along the planes. An automatic-contact symmetry plane is
defined by its normal vectar ~ and passes through the ggint . Ayoint lies on the plane if

[n d(X—X,)| <Tol (337)
is satisfied, wher@ol is a tolerance. Automatic-contact symmetry planes are used during initial-
ization to remove interior surfaces which otherwise would be considered as exterior surfaces. The
hsp file contains a summary of how many and, in verbose mode, which segments each symmetry
plane removes. Note, these surfaces do not alter boundary conditions or prevent slave nodes from
passing across the plane.

Automatic contact with SAND (Slidesurfaces with Adaptive New Definitiongype 14) permits

the modeling of progress material failure with contact in an automated fashion. The concepts of
SAND volumes and surfaces from type 11 are combined with the benefits of arbitrary contact of
automatic contact to better model penetration and failure problems in DYNA3D. As hex and shell
elements are removed from the calculation due to material failure or time step size, their associated
segments are removed from the slidesurface and the slidesurface definition adapts to the new
boundary of the unfailed material. Unlike type 11 surfaces, contacts between any material bound-
aries, including internal voids and self contact, are captured.

During initialization, all brick and shell elements and their associated facets are identified as
potential contact surfaces as well as SAND volumes and surfaces. Similar to type 13, the list of
potential contact surfaces and SAND volumes and surfaces can be reduced by excluding materials
from the contact domain as well as by a user-defined contact box. Segments that do not exist
completely within the box during initialization are removed, and if all the segments associated with
an element are removed, so is the element. In addition, SAND volumes and segments can be elimi-
nated explicitly by material number during initialization with out excluding their “boundary”
segments from the contact definition. This feature reduces computational and storage costs and
should always be used to remove non-failable materials as well as materials not anticipated to fail
from the list of active SAND volumes and segments. Note, the contact surface is continuously
constructed from all the currently “exposed” boundary segments independent of whether the
segment is an active SAND segment.

Notes for Using SAND:SAND requires that the results be processed using an appropriate
postprocessor, as the plot database must contain new information. To signal DYNA3D to write this
new format database, the SAND database flag must be set on Control Card 3 (section 4.1 on page
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62). Also, the current SAND algorithms only adapt when elements are removed from the calcu-
lation. Thus, the user must now specify both a material or time-step failure criteria as well as an
element deletion criteria to activate the SAND algorithm.

SMALL PENETRATION FLAG

If this option is activated, then DYNA3D ignores any apparent penetration found by the contact
algorithm when the penetration depth is greater than one element thickness. Actual contact
penetrations are usually much less than an element thickness, so it is likely that a large penetration
is found due to a convex contact surface and a node getting “behind” the opposite surface. This
behavior is usually indicated when a calculation is interrupted by nodes on a contact surface
“shooting” off in random directions. The small penetration flag can almost always be used without
harm, except in hypervelocity impact problems. Many analysts activate this option in all analysis
models.

PRINTED INTERFACE FORCE FILE

If this option is activated on the slidesurface control card, a file called “FORCES” will be generated
at run time containing the contact force at each node of the contact surface. This file is written at
the interval prescribed as the time history plot interval on Control Card 6 in section 4.1 on page 62.
For each node on the contact surface, the total interface force at that node

is printed in both global and local coordinates. The total force across the interface is also written
to this file. Results from this file may be processed to yield a variety of interface force results.

Interface force data may also be written to a binary plot file as discussed in section 2.15 on page
32 and section 3.6 on page 59.
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SPHERICAL REPRESENTATION

A new spherical representation option has been added for contact types 3, 5, 8, 9, and 10. These
options reduce faceting problems associated with spherical or locally surfaces.

When the master surface is smoothed, it appears as an analytical sphere to the slave surface nodes.
The center and radius of the sphere is constructed using nodes from the master surface. When the
slave surface is smoothed, it appears as an analytical sphere to the master surface nodes. In this
case, the sphere is constructed using the nodes from the slave surface. When either or both options
are employed, the spherically represented surface(s) should contain only segments or nodes that
form the spherical region. For example, in the case of an object inside a spherically capped
cylinder, three separate slidesurfaces might be defined. One surface between the interior object and
the cylindrical region, and one surface defined between the object and each spherical end.

RIGID-BODY SPHERE-TO-SPHERE CONTACT

For type 3 contact between two spherical rigid bodies, a spegtrbody sphere-to-sphere
idealization exists. It uses analytical surfaces to detect contact between two locally spherical
portions of disconnected rigid bodies. This contact method eliminates “faceting” induced
problems, and is ideally suited to model the interactions between spherical or locally spherical rigid
components. The two spherical components maybe adjacent to each other or inside one another. In
the later case, the interior body may be spherical or hemi-spherical. To active this new and exper-
imental contact feature, the rigid-body sphere-to-sphere keywbiiisigid , rigid_master, and
rigid_slave must defined and the surface should be specified as a usual type 3 contact surface.

This implementation allows two bodies to be either initially separate or in contact and works with
either the penalty or the Lagrange formulations. Large relative motions are permitted, and surfaces
may separate and come together in a completely arbitrary fashion. Coulomb friction, as described
for type 3 contact, as well as rate-independent rolling and pivoting friction are included.

A pivoting resistance torque is applied to the center of mass of the rigid-bodies when an non-zero
pivoting component exists in the relative angular velocity vector. The pivoting torque vector, whose
magnitude is given by

Tpivot = “pivotFn (338)
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wherep ;.. is the coefficient of pivoting resistance afd  is the normal contact forces, parallels
the ray connecting the centers of the spherical contact centers.

A rolling resistance torque is applied to the center of mass of the rigid bodies when the relative
velocity at the contact point is essentially zero and the tangential component of the relative angular
velocity is non-zero The rolling torque is given by

Troll = uroIIFn (339)

wherep,,;, s the coefficient of rolling resistance. The rolling resistance torque vector parallels the
tangential component of the relative angular velocity vector.

The hemisphere option, used to model the contact of a hemisphere inside a sphere, limits the
geometrical representation of one of the contact surfaces, and ensures that contact along the waist
region is captured correctly. To active this feature, the negative of the material number should be
defined for the appropriate rigid body.

CONTACT CONSTRAINT ENFORCEMENT OPTIONS

DYNAS3D uses the penalty method by default to enforce the no-interpenetration contact constraint.
A non-linear penalty method has been implemented for type 12, 13, and 14. As an alternative to
the penalty method, a Lagrange multiplier formulation has also been implemented in this version
of DYNAS3D for slidesurface types 3, 5, 10, 12, 13, and 14.

The penalty formulation enforces the contact constraint by generating a restoring force that is
applied to the penetrating node to return it to the surface. This ferce, , is proportional to the
penetration deptly, the bulk modulus of the penetrated material, the dimensions of the penetrated
element, and a scale factor specified by the user. (The later quantities are used to calculate the
nominal stiffnesK for each segment.) The amount of penetration observed is inversely propor-
tional to the chosen scale factor. Using a larger penalty scale factor reduces the observed
penetration, but may make the problem more difficult to solve. Using a smaller penalty scale factor
makes the problem easier to solve, but may lead to unacceptably large interpenetrations. One global
penalty scale factor is defined in the Control Section of the DYNA3D input file, and another penalty
scale factor may be defined separately for each surface of a slide surface pair. The default value of
the global penalty scale factor is 0.10, and the default for the local penalty scale factors is 1.0.
These two factors are combined multiplicatively to arrive at the actual penalty scale factor used for
computations.
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The default penalty method generates the normal féfce as
F, = Kg. (340)

The non-linear penalty method increases the penalty féfce in a non-linear manner based upon
penetration deptly  of the contacting node and segment. Vilsilg), ¢ VIYRLE is the gap
offset, the penalty stiffness  is not scaled and Eq. (340) is used to cal€ijlate  .OMGco :
the effective penalty stiffness is increased in a parabolic manner such that

2
n = Ll * gmUILL% ~ Yoffse} } K, (341)

whereg,,,,;; is the stiffness multiplier and is the effective segment depth, i.e. half of the shell
element thickness or brick depth associated with this segment. The mugjplier can be set as
large as necessary (e.gl;()3 ) without decreasing the time-step scale factor (see CONTROL
CARDS on page 62 - Card 6) because DYNA3D internally calculates the critical time step for all
penalty method slide surfaces.

The non-linear penalty method and the master and slave surface stiffness scaleSgctorsS, and
serve similar purposes, but function differently. While they both increase the effective penalty
stiffness, the non-linear penalty method increases the stiffness on a local node-to-segment basis, as
needed, while&s,, an8, increase it for all segments all the time. Note, both methods can be used
simultaneously.

When the Lagrange formulation is chosen to enforce the contact constraint, a restoring force is
again placed on thepenetrating node to return it to the surface, but is computed differently. This
option computes the force by determining the predicted location of a node on the interface at the
end of the time step, and computes the contact force required to place the node on the surface at
the end of the time step. This method yields “exact” enforcement of the zero gap constraint. Two
different approaches have been developed. When the master surface is a rigid material whose
kinematics are prescribed, type 10 contact and Lagrange option 2 should be used. This method
calculates the necessary forces via an coupled set of equations, and is very inexpensive. This option
works very well for stamping problems where the die is rigid and has prescribed motion, and the
work piece is deformable. Nodes in slidesurfaces that use the 2 Lagrange option should not be part
of any other slidesurface definition. For all other cases or when overlapping 2 Lagrange slidesur-
faces are desired, Lagrange contact option 3 should be used. In this case the constraint equations
for the entire problem are assembled and solved via an iterative method (Zywicz and Puso, 1999).
Since the exact contact forces are calculated at each time step, there is no interpenetration.
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Although this feature costs slightly more than the penalty formulation (5% to 15% increase in
overall computational cost), it has demonstrated excellent behavior in applications involving
automatic contact, thin shell, and where large differences in mesh densities or material properties
exist.

Nodes involved in Lagrange contact enforcement as well as in rigid wall definitions, nodal
constraints, tied slidesurfaces, prescribed velocity and/or acceleration boundary conditions, or
other kinematically imposed features may demonstrate some interpenetration or other undesirable
behavior. (At present, the Lagrange contact algorithm does not account for the subsequent nodal
movement from kinematically imposed options.) In most circumstances, the undesirable behavior
can be eliminated by redefining the problem slightly. For example, a rigid wall can be replaced by
a simple discretized object and either a new type 5 slidesurface, with Lagrange contact
enforcement, or included in the previous slidesurface definition.

Both the non-linear penalty method and the Lagrange formulation are extremely useful with
automatic contact in that they decrease or eliminate the amount of penetration. Because automatic
contact uses a contact surface idealization that has a finite thickness, these approaches can prevent
nodes from penetrating through the contact surface and causing the algorithm to fail.
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4.29 TIE-BREAKING SHELL SLIDELINES

Define the number of tie-breaking shell slidelind$,.BSL  , as specified on Control Card 7 in
section 4.1 on page 62. First, input the following control card fad &8BSL tie-breaking shell
slidelines.

Cards 1, ... ,NTBSL

Columns Quantity Format
1-5 (1-8) Number of slave nodes in this slideliNg, 15 (18)
6-10 (9-16) Number of master nodes in this slidelivg, 15 (18)

Following the definitions of aNTBSL control cards, define the following slideline card set for
each tie-breaking shell slideline.

Card 1
Columns Quantity Format
1-10 Default effective plastic strain at failuee, E10.0

Cards 2, ... ,NSN+1

Columns Quantity Format
1-5 (1-8) Slave number 15 (18)
EQ.O: the preceding slave number is incremented by 1
6-10 (9-16) Node number 15 (18)
11-20 (17-26) Plastic strain at failugf  (optional) E10.0 (E10.0)
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Cards NSN+2, . .., NSN+NMN+1
Columns Quantity Format
1-5 (1-8) Master number 15 (18)
EQ.O: the preceding slave number is incremented by 1
6-10 (9-16) Node number 15 (18)

Slidelines are defined by listing a set of nodes along the edge of a shell structure. One line of nodes
is designated as the slave side, and the other line is designated as the master side. Nodes should be
givenin the order in which they appear along the surface. Nodes on the slave slideline may be given

in order moving down the slideline in either direction, but nodes on the master slideline must be
given in order such that the slave slideline lies to theTaftbreaking shell slidelines must not

Cross.

Tie-breaking shell slidelines may be used to tie shell edges together with a failure criterion on the
joint. If the average volume-weighted effective plastic stedin  in the shell elements adjacentto a
node exceeds the specified plastic strain at faiiffe, , thenthe tied slideline is released at that node.
One default failure plastic strain is defined for the entire tie-breaking shell slideline, but this may
be overridden on the slave node cards to define a unique failure plastic strain for each node.

Tie-Breaking Shell Slidelines may be used to simulate the effect of failure along a predetermined
line, such as a seam or structural joint. When the failure criterion is reached in the adjoining
elements, nodes along the slideline will begin to separate. As this effect propagates, the tied
slideline will appear to “unzip,” thus simulating failure of the connection.

A more general (albeit more complex) fracture and failure modeling approach uses Tied Node Sets
with Failure, as described in section 4.30 on page 382.
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4.30 TIED NODE SETS WITH FAILURE

Define control cards faKTNWF Tied Node Sets with Failure as specified on Control Card 7 in
section 4.1 on page 62.

Cards 1, ..., NTNWF
Columns Quantity Format
1-5 Number of tied node constraints in this 86LNC 15
6-10 Maximum number of nodes tied at any constraint in thisN<el AX 15

Repeat the following group of cards to defMi@NWF tied node data sets:

Define the following Constraint Set Default Card as the first card in each constraint set.

Card NTNWF+1

Columns Quantity Format
1-10 Default effective plastic strain at failue, E10.0
Repeat the following Constraint Definition Card(s) as necessary to d¢TinC constraints in this

set.
Cards NTNWF+2, . . ., NTNWF+NTNC1
Columns Quantity Format
1-10 (1-10) Plastic strain failurep  (optional) E10.0 (E10.0)
11-15 (17-24) First node to be tied in this constraint 15 (18)
16-20 (25-32) Second node to be tied in this constraint 15 (18)
75-80 (57-64) Twelfth (sixth) node to be tied in this constraint 15 (18)
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Use additional cards as necessary, continuing with a format of 1415 (or 1018 for the “large” input
option) on subsequent cards, until all nodes for this constraint have been defined.

A problem may contain several tied node sets with failure, as specifisidNWF . One tied node
set hadNTNC constraints, and each constraint may consist of from tNG MA X nodes. All
constraints in one tied node set share a common default plastic strain at &flure, , but this may be
overridden by giving a value f@ in the constraint definition.

Tied Node Sets with Failure apply only to shell elements. The specified nodes are tied together and
are coincident until the volume-weighted effective plastic strain, averaged over all elements

connected to nodes in a given constraint, exceeds the specified value. Once this failure criterion is
exceeded, all nodes at that constraint are released to simulate the initiation of a crack or fracture.

To use this feature to simulate fracture and fragmentation of a plate or shell, all elements in the
potential failure region should be generated to have unique nodes (i.e., no elements share nodes in
common with other elements). These free elements are then tied together using Tied Node Sets
with Failure at every corner, where nodes would be merged in a conventional model. Using this
approach, a fracture may propagate through the plate as dictated by the analysis, and some estimate
of the crack direction may be obtained. The fracture is required to move along element boundaries
with this approach, however.

Tied Node Sets with Failure are similar to Tie-Breaking Shell Slidelines (described in section 4.29
on page 380), except that entire regions of individual shell elements may be tied together with this
option and the fracture direction is not pre-defined. Tie-Breaking Shell Slidelines are more suited
to a pre-defined potential fracture surface, and are somewhat less expensive and easier to define.
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4.31 RIGID BODY MERGES

DefineNRBC rigid body merge cards as specified on Control Card 4 in section 4.1 on page 62.

Columns Quantity Format
1-5 Master rigid body material number 15
6-10 Slave rigid body material number 15

The slave rigid body is merged into the master rigid body.

Two rigid materials are not permitted to have any nodes in common. If common nodes exist, define
the two rigid materials as above to be merged into one rigid body for the analysis. This situation

occurs infrequently, but may arise when rigid materials are used for solid elements, shell elements,
and beam elements in close proximity in a model.

Itis not necessary (or reasonable) to merge rigid materials which are completely separate and have
no nodes in common.
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4.32 EXTRA NODES FOR RIGID BODIES

Define one card set for each rigid body for which extra nodes are definedNiRBE N sets have
been definedNRBEN is specified on Control Card 7 in section 4.1 on page 62.

Card 1
Columns Quantity Format
1-5 Rigid body material number 15
6-10 Number of extra nodes for this rigid materiE N 15

Cards 2, ... , NEN+1

Columns Quantity Format
1-5 (1-8) First extra node for this rigid material 15 (18)
6-10 (9-16) Second extra node for this rigid material 15 (18)
11-15 (17-24) Third extra node for this rigid material 15 (18)
45-50 (73-80) Tenth extra node for this rigid material 15 (18)

Continue in this format untNEN extra nodes have been defined for this rigid material. Then,
repeat both cards above until extra nodes have been definéR BiEN rigid materials.

Extra nodes may be needed for rigid materials to facilitate the definition of a rigid body joint
between two rigid materials, or to allow attachment of another structural member. Rigid body joints
are described in section 4.34 on page 388.
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4.33 DEFORMABLE-RIGID MATERIAL SWITCHING

Define NMSWCH groups of materials as specified on Control Card 7 in section 4.1 on page 68.
Repeat the following input for each material group.

Card 1
Columns Quantity Format
1-10 Number of materials in a switching group, NMAT. 110
11-20 The time at which a group of materials is merged and E10.0

treated as a rigid body, TON.

21-30 The time at which a group of materials is returned to E10.0
their original material types, TOFF.

Define NMAT material numbers in a group. Use as many cards as needed with 16 materials on a
card.

Card 2, 3, ...
Columns Quantity Format
1-5 First material number in a group. 15
6-10 Second material number in a group 15

The material switching feature allows groups of materials to be treated as rigid bodies at their
respective time interval during the analysis. Using this feature could improve computation
efficiency considerably on parts of a model during a period when its change of deformation is
negligible. The best examples for using this feature are container drop test and vehicle impacting
roadside structures, as these problems often involve multiple impacts in a simulation. It would save
significant computer time by treating the model as a rigid body between impacts.
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The following restrictions apply to the use of this feature:

Rigid materials can be included in the switching groups but rigid materials with as-
signed inertia properties cannot.

No boundary conditions or prescribed velocities can be imposed upon any part of the
switching groups.

The stresses for solid elements in the switching groups are not rotated to keep pace with
the motion during the rigid body phases. A proper stress transformation is done only
before the individual group is about to be returned to their original material types.
Rigid body phases of the switching groups cannot be overlapping if the groups share
same materials.

The first material in the material list for each group is treated as the master material.
The rest of the materials in the list are merged into the master material.
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4.34 RIGID BODY JOINTS

Define the number of joint definitions specified on Control Card 7 in section 4.34 on page 388.

Columns Quantity Format
1-10 (1-10) Relative penalty stiffness (default is 1.0) E10.0 (E10.0)
11-15 (11-15) Joint type 15 (15)

EQ.1: Spherical
EQ.2: Revolute
EQ.3: Cylindrical
EQ.4: Planar
EQ.5: Universal
EQ.6: Translational

16-20 (16-23) Node, 5 (I8)
21-25 (24-31) Node,, 5 (I8)
26-30 (32-39) Node, 5 (I8)
31-35 (40-47) Node, 15 (I8)
36-40 (48-55) Node, 5 (I8)
41-45 (56-63) Node, 5 (I8)

The geometry of rigid body joints is shown in Figure 39. At each timestep, the relative penalty
stiffness is multiplied by a function dependent on the time step size to give the maximum stiffness
that will not destroy the stability of the solution. If the errors in the joint constraints are too large,
the timestep must be reduced; simply increasing the relative stiffness will have no effect.

Node pairsn; anech, ri; and, ,ang ang )should be coincidental. For best performance,
nodesn; n,; , anthy; should be spaced as far apart as possible.
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Figure 39 Rigid body joint geometry.
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4.35 PRESCRIBED BASE ACCELERATIONS
Define nonzero “base acceleration” loads as specified on Control Card 5 in section 4.1 on page 62.

X-Direction Base Acceleration
Define this card only if a nonzexo -direction base acceleration is specified on Control Card 5.

Columns Quantity Format
1-5 Load curve number giving time variation 15
6-15 Scale factor or -acceleration E10.0

EQ.0.0: default set to “1.0”

Y-Direction Base Acceleration
Define this card only if a nonzeyo -direction base acceleration is specified on Control Card 5.

Columns Quantity Format
1-5 Load curve number giving time variation 15
6-15 Scale factor o -acceleration E10.0

EQ.0.0: default set to "1.0"

Z-Direction Base Acceleration
Define this card only if a nonzem -direction base acceleration is specified on Control Card 5.

Columns Quantity Format
1-5 Load curve number giving time variation 15
6-15 Scale factor om -acceleration E10.0

EQ.0.0: default set to "1.0"

Translational base accelerations allow body force loads, such as gravity, to be imposed on a
structure. Conceptually, base acceleration may be thought of as accelerating the coordinate system
in the direction specified, and thus the inertial loads acting on the model are of opposite sign. For
example, if a cylinder were fixed to they - plane and extended in the pogitive direction, then a
positivez -direction base acceleration would tend to shorten the cylinder.
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4.36 PRESCRIBED ANGULAR VELOCITIES

Define nonzero angular velocity components about the global axes as specified on Control Card 5
in section 4.1 on page 62.

ANGULAR VELOCITY ABOUT GLOBAL X-AXIS

Define this card only if a nonzero angular velocity component about the gtobal -axis is specified
on Control Card 5.

Columns Quantity Format
1-5 Load curve number giving time variation 15
6-15 Scale factor on angular velocity E10.0

EQ.0.0: default set to "1.0"

ANGULAR VELOCITY ABOUT GLOBAL Y-AXIS

Define this card only if a nonzero angular velocity component about the gfobal -axis is specified
on Control Card 5.

Columns Quantity Format
1-5 Load curve number giving time variation 15
6-15 Scale factor on angular velocity E10.0

EQ.0.0: default set to “1.0”

ANGULAR VELOCITY ABOUT GLOBAL Z-AXIS

Define this card only if a nonzero angular velocity component about the gtobal -axis is specified
on Control Card 5.

Columns Quantity Format
1-5 Load curve number giving time variation 15
6-15 Scale factor on angular velocity (default = 1.0) E10.0
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Body force loads due to the angular velocity are always calculated with respect to the deformed
configuration, and act radially outward from the axis of rotation. Torsional effects arising from
changes in angular velocity are not included. Angular velocity is assumed to have the units of
radians per unit time.

The body force density at a poiat in the body is calculated from

b=pwxwxr), (342)
wherep is the mass density, the angular velocity,rand is a position vector from the origin to
point P . Note that although the angular velocity may vary with time, the effects of angular accel-
eration are not included in this formulation.

This feature is useful for studying transient deformations of three-dimensional objects which are
spinning about any axis of rotation through the global origin. Typical applications of this feature
could include modeling the deformations of a tire spinning about an axle, or the impact of a foreign
object on a satellite spinning rapidly about its own axis.
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4.37 MOMENTUM DEPOSITION IN SOLID ELEMENTS

Card 1

Define momentum deposition data for the number of solid elements specified on Control Card 5in
section 4.1 on page 62.

Columns Quantity Format
1-5 (1-8) Solid element number to receive momentum (15) (18)
6-15 (9-18) X -direction momentum E10.0 (E10.0)
16-25 (19-28) y -direction momentum E10.0 (E10.0)
26-35 (29-38) z -direction momentum E10.0 (E10.0)
36-45 (39-48) Deposition time E10.0 (E10.0)

Momentum may be deposited in selected solid elements at a specified time during an analysis. This
feature is useful for modeling impacts of a large body with many smaller bodies where only the
momentum transfer is significant, and where detailed modeling of the collisions of the smaller
bodies may lead to excessive cost. An example application of this feature would be the effect of
dense blowing sand on a fast moving body, such as an automobile or low-flying aircraft.
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4.38 DETONATION POINTS

Define one card for each high explosive detonation point specified on Control Card 5 in section 4.1

on page 62.
Columns Quantity Format
1-10 Lighting time for detonation point E10.0
11-15 Material to be lit 15
EQ.O: all H.E. materials are considered

16-25 x -coordinate of detonation point E10.0
26-35 y -coordinate of detonation point E10.0
36-45 z -coordinate of detonation point E10.0

During DYNAZ3D initialization, the lighting time of each element is computed using a simple
programmed burn algorithm. The resulting point detonation is illustrated in Figure 40. The lighting
timet, for an element is computed based on the distance from the center of the element to the
nearest detonation poihf , the detonation velobity , and the lighting time of that detonation point
tyer USING

|
t, = tdet+[—‘;. (343)

/— Detonation Points ﬂ

Burn Fronts

Figure 40
Point detonation for initiating high explosive burn.
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4.39 SHELL-SOLID INTERFACES

Define the number of shell-solid interfaces specified on Control Card 7 in section 4.1 on page 62.

Card 1
Columns Quantity Format
1-5 Number of shell element nod®&SHLN 15
6-10 Number of solid element nodes tied to each shell node
(maximum of eight) 15
Card 2, ..., NSHLN+1
Columns Quantity Format
1-5 (1-8) Shell element node, 15 (18)
6-10 (9-16) First solid element nodsg,, 15 (18)
11-15 (17-24) Second solid element nouig, 15 (18)
41-45 (65-72) Eighth solid element noagg 15 (18)

The shell-solid interface is @axperimentatapability for coupling regions of 4-node shell

elements to regions of solid elements. Since shell elements have 6 degrees-of-freedom per node
(three translations and three rotations) and solid elements have only 3 degrees-of-freedom per node
(three translations), a mismatch in degrees-of-freedom occurs along a shell-solid boundary. The
approach followed in this option is to constrain nodes of the solid elements to lie along the shell
fiber direction at the interface, thus transferring moments in the shell elements into spatially
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varying stresses in the solid elements. The nodes of the solid elements are allowed to move along
the tangent nodal fiber, and are constrained to move only along this fiber direction, as shown in
Figure 41.

The solid element nodes must be specified in the order in which they occur along the shell fiber
direction, but the fiber may be traversed in either the positive or negative direction.

shell fiber directionsﬁ‘

Figure 41
Shell-solid interface geometry and kinematics. Shell element ngde is associated with solid
element noden,; n,, ,amy,; inashell-solid interface definition.
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4.40 DISCRETE SPRINGS, DAMPERS, AND MASSES

Define discrete springs, dampers, and masses in this sectR 8D = 1 on Control Card 7 in
section 4.1 on page 62. Discrete element input follows the general organization of the entire
DYNAZ3D input file: first a control card defines the number of discrete element materials, discrete
elements, and lumped nodal masses. Next, each discrete element material is defined by a Discrete
Element Material Control Card and a Discrete Element Material Data Card. Then, discrete
elements are defined on Discrete Element Data Cards, and discrete masses are specified on Lumped
Mass Data Cards.

First, define the Discrete Element Control Card:

Card 1
Columns Quantity Format
1-5 Number of material definitions for discrete elemedBMAT 15
6-10 Number of discrete springs and dampers (discrete elemebt8)ELD 15
11-15 Number of discrete massB8)MMAS 15

Next, for each of thIDMAT discrete element materials, define the Discrete Element Material
Control Card and the Discrete Element Material Data Card as described below.

The Discrete Element Material Control Card is defined as:

Cards 2,4, 6, . ..
Columns Quantity Format
1-5 Discrete element material numbes NDMAT ) 15
6-10 Discrete element material type: 15

Translational element material models:
EQ.1: linear elastic
EQ.2: linear viscous
EQ.3: isotropic elastoplastic
EQ.4: nonlinear elastic
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EQ.5: nonlinear viscous
EQ.6: general tabulated nonlinear

Rotational element material models:
EQ.21: linear elastic
EQ.22: linear viscous
EQ.23: isotropic elastoplastic
EQ.24: nonlinear elastic
EQ.25: nonlinear viscous
EQ.26: general tabulated nonlinear

The Discrete Element Material Data Card is defined as described below for each discrete element
material type.

Cards 3,5, 7, ...

Discrete Element Material Type 1 and 21: (Linear Elastic)

Columns Quantity Format

1-10 Elastic stiffness (spring constarikt), (force/displ. or torque/rotation) E10.0

Discrete Element Material Type 2 and 22: (Linear Viscous)

Columns Quantity Format

1-10 Damping constant (viscosity), (force/velocity or torque/angular velocity) E10.0

Discrete Element Material Type 3 and 23: (Isotropic Elastoplastic)

Columns Quantity Format
1-10 Elastic stiffnesk  (force/displ. or torque/rotation) E10.0

11-20 Tangent stiffnesk;  (force/displ. or torque/rotation) E10.0

21-30 Yield,F (force or torque) E10.0
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Discrete Element Material Type 4 and 24: (Nonlinear Elastic)

Columns Quantity Format
1-10 Load curve number giving force vs. displacement or torque vs. E10.0
rotation curve
Element Material Type 5 and 25: (Nonlinear Viscous)
Columns Quantity Format
1-10 Load curve number giving force vs. velocity or torque vs. angular E10.0

velocity curve
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Discrete Element Material Type 6 and 26: (General Tabulated Nonlinear)
Columns Quantity Format

1-10 Load curve number giving force vs. displacement or torque vs. rotation E10.0
rotation for loadingl.C
11-20 Load curve number giving force vs. displacement or torque vs. E10.0

rotation for loadingL.C,,

21-30 Plastic hardening paramef@r,0<(B<1 ) E10.0
31-40 Initial yield force or torque in tensioR(;>0 ) E10.0
41-50 Initial yield force or torque in compressidn, <0 ) E10.0

Load curves define force (or torque) as a function of displacement (or rotation). The load curve
points must be in order, starting with the most negative (compressive) displacement (or rotation)
and ending with the most positive (tensile). The curves need not be symmetrical. The curve must
not have a zero slope at any point; however, the slope may be made a small nonzero value if desired.
The behavior of Discrete Element Material Type 6 is shown in Figure 42.

The displacement (or rotation) origin of the “unloading” curve is arbitrary, since it will be shifted

as necessary as the element extends and contracts. On reverse yielding the “loading” curve will also
be shifted along the displacement axis. The initial tensile and compressive yield forces (or torques)
(FytandF. ) define a range within which the element remains elastic (i.e. the “loading” curve is
used for both loading and unloading). If at any time the force (or torque) in the element exceeds
this range, the element is deemed to have yielded, and at all subsequent times the “unloading” curve
is used for unloading.
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elastic-plastic (isotropic) mode is illustrated.
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DefineNUMELD Discrete Element Data Cards as specified on the Discrete Element Control

Card.
‘ Cards 2+2*NDMAT, . . ., 1+2*NDMAT+NUMELD |
Columns Quantity Format
1-5 (1-8) Discrete element number 15 (18)
6-10 (9-16) First noden, 15 (18)
11-15 (17-24) Second node, 15 (18)
16-20 (25-32) Discrete element material number 15 (18)
21-30 (33-42) Scale factor on computed force (default = 1.0) E10.0 (E10.0)
31-32 (43-44) Force calculation and direction optid»P T 12 (12)
If IOPT = 0O, (default) no additional input required
If IOPT =1
33-42 (45-54) First auxiliary noden, E10.0 (E10.0)
43-52 (55-64) Second auxiliary nocdsn, E10.0 (E10.0)
If IOPT =2
33-42 (45-54) Globak -direction component E10.0 (E10.0)
43-52 (55-64) Globay -direction component E10.0 (E10.0)
53-62 (65-74) Globat -direction component E10.0 (E10.0)
If IOPT = 11
33-42 (45-54) First auxiliary noden, E10.0 (E10.0)
43-52 (55-64) Second auxiliary nocn, E10.0 (E10.0)
If IOPT = 12
33-42 (45-54) Globak -direction component E10.0 (E10.0)
43-52 (55-64) Globay -direction component E10.0 (E10.0)
53-62 (65-74) Globat -direction component E10.0 (E10.0)
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DefineNUMMAS Lumped Mass Data Cards as specified on the Discrete Element Control Card.

Cards 2+2*NDMAT+NUMELD, . . ., 1+2*NDMAT+NUMELD+NUMMAS

Columns Quantity Format
1-5 (1-8) Node number, 15 (18)
6-15 (9-18) Mass E10.0 (E10.0)

Lumped nodal masses are added to any existing mass at a node.

Discrete elements (springs and dampers) may be imposed as one-dimensional translational or
rotational elements between two nodes. Translational elements utilize the translational degrees of
freedom to calculate the instantaneous relative vector between the two nodes. Rotational elements
utilize the rotational degrees of freedom to construct the relative rotation vector between the two
nodes, and, therefore, rotational elements can only be used with shell and beam elements.

Forces can be calculated based upon either the magnitude of the relative displacement/rotation
vector withlIOPT = 0, 1, 2 or the projected component of the relative displacement/rotation
vector in the unit normal vector direction wit®OPT = 11, 12 . In all cases, the relative
displacement and rotation vectors are calculated by subtracting the displacements or rotations of
node 1 from node 2. Option®PT = 0,1, 2 are useful when modeling true one-dimensional
translational spring behavior while optiol@PT = 11, 12  permit orthotropic spring behavior to

be defined. In both cases, the resultant force or torque is applied to the nodes parallel to the unit
normal vector as discussed below.

The unit normal vector can be specified in three ways. WO&T = 0 , the unit normal vector
parallels the vector that connects node 1 to node 2. It is recalculated at every time step. When
IOPT = 1, 11, the unit normal vector is constructed by normalizing the vector that connects
auxiliary node 1 to auxiliary node 2. The auxiliary nodes used to define the unit normal vector can
be any nodes in the problem including the nodes that define the element. For rotational elements,
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this option provides a convenient way to specify which components of the relative rotation vector
should be used to define the “rotation”. WhEhPT = 2,12 | the unit normal vector is specified
in terms of its global coordinates.

Care should be used when usi@PT = 1, 11 HOPT = 2 . For translational elements
positive (extensional) forces are applied in the direction of the unit normal vector at node 1. Thus,
the unit normal vector should always point approximately from node 1 towards node 2 to obtain
the correct force sign conventioReversing the definition will result in the force being applied in

the wrong direction even though the sign of the element force is calculated corFectiptational
elements, although the forces are always applied in a consistent manner, the sign of the (relative)
rotation depends upon the unit normal vector’s orientaRewversing the unit normal vector’s
orientation will cause the (relative) rotation to switch signs.

Discrete elements (springs and dampers) and lumped nodal masses provide a convenient method
for imposing prescribed force-displacement relationships between two nodes. These features may
be used alone to allow DYNAS3D to solve lumped parameter spring-mass-damper models, or may
be used in combination with a finite element model to represent a complex system.

Note that if discrete springs are connected to a rigid material for which rigid body inertial
properties (section 4.41 on page 405) have been defined, it is possible in some circumstances to
experience difficulties with the time step automatically chosen by DYNA3D. In most cases, simply
altering the specified material density for the rigid material up to increase the time step or down to
decrease the time step will provide the necessary user control without affecting anything else in the
problem.

Internal forces in discrete elements may now be output to an ASCII file EQIR®IS This
option is activated using the flag on Control Card 3 in section 4.1 on page 62.
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4.41 RIGID BODY INERTIAL PROPERTIES

Define rigid body inertial properties for rigid materials as specified on Control Card 7 in section
4.1 on page 62. All requested data must be provided, and this data overrides other input data (such
as nodal initial velocities) for nodes of rigid bodies.

Card 1
Columns Quantity Format
1-5 Material number of rigid body 15
6-15 x -coordinate of center of mass E10.0
16-25 y -coordinate of center of mass E10.0
26-35 z -coordinate of center of mass E10.0
36-45 Translational mass E10.0

Rigid materials are defined using Material Type 20 as described in section 4.4 on page 92.
Normally, each rigid material is considered a separate rigid body unless the Rigid Body Merge
option (section 4.31 on page 384) has been used.

Card 2

Columns Quantity Format

1-10 Moment of inertia in the global directian, E10.0
11-20 Product of inertia ir y- directiom,, E10.0
21-30 Product of inertia iR z- directiok), E10.0
31-40 Moment of inertia in the globgl directidr;;y E10.0
41-50 Product of inertia iy z directiol), E10.0
51-60 Moment of inertia in the global directiad, E10.0

The mass moments of inertia are defined in the global coordinate system.
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Card 3

Columns Quantity Format

1-10 Initial rigid body translational velocity in the -direction E10.0
11-20 Initial rigid body translational velocity in tlye -direction E10.0
21-30 Initial rigid body translational velocity in tlze -direction E10.0
31-40 Initial rigid body angular velocity about tke -axis (radians/time unit) E10.0
41-50 Initial rigid body angular velocity about title -axis E10.0
51-60 Initial rigid body angular velocity about the -axis E10.0

Note that these initial velocities must be specified for any rigid body with inertial properties defined
in this section. This data overrides nodal initial velocities specified in section 4.27 on page 350 for
nodes of the rigid body. Initial velocity data for other nodes in the model is not affected.

Rigid body inertial properties are calculated by default from the geometry of the elements and the
mass densitp specified for the material. The Rigid Body Inertial Properties option allows the
complete set of inertial properties to be specified directly for a rigid body. This approach is useful
if the body has a spatially varying mass density which is not conveniently included in the material
definitions, or if geometric approximations are made in the model which render the inertial
properties calculated using the default procedure inaccurate.

Note: kinetic energy reported by DYNA3D may not properly account for the modified mass and
moment of inertia of the rigid body, but actual computations use the modified values. Also, time
step calculations for discrete springs and dampers connected to rigid bodies are based upon the
original (as-input) material density. If undesirable time steps are selected by the code, modify the
density specified for the rigid material until a suitable time step is achieved.

Useful tricks include defining the rigid material with a density such that the total mass is computed
correctly, or with a very small density so that no significant contribution to kinetic energy is calcu-
lated from the rigid material.
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4.42 NONREFLECTING BOUNDARY SEGMENTS

DefineNNRB S nonreflecting boundary segments as specified on Control Card 7 in section 4.1 on
page 62.

Columns Quantity Format

1-5 (1-8) Nonreflecting boundary segment number 15 (18)
6-10 (-) Generation incremerkt, 15 (omit)
11-15  (9-16) Noden, 15 (18)
16-20 (17-24) Node, 15 (18)
21-25 (25-32) Node, 15 (18)
26-30 (33-40) Node, 15 (18)

Nonreflecting boundaries are only used végtiid elements. Boundaries are defined as a collection

of segments, and segments are equivalent to element faces on the boundary. Segments are defined
by listing the corner nodes in either a clockwise or counterclockwise order. The first and last nonre-
flecting boundary segments must be explicitly defined. Gaps in intermediate segment numbers are
filled by automatically generating segment definitions by adding the generation inckement to
each node number of the previous segment.

Nonreflecting boundaries are used on the exterior boundaries of an analysis model of an infinite
domain, such as a half-space, to prevent artificial stress wave reflections generated at the model
boundaries from reentering the model and contaminating the results. Internally, DYNA3D
computes an impedance matching function, in both normal and shear directions, for all nonre-
flecting boundary segments based on an assumptioreaf material behaviorThus, the finite
element mesh should be constructed so that all significant nonlinear behavior is contained within
the discrete analysis model.
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4.43 TEMPERATURE INPUT OPTION |

Define one temperature card for each of e MNP nodes if the thermal effects option is set to
-9999 on Control Card 6 in section 4.1 on page 62.

Columns Quantity Format
1-5 (1-8) Node numben), 15 (18)
6-15 (9-18) Temperature scale factor at this n&le, E10.0 (E10.0)
16-25 (19-28) Base temperatufie’ase E10.0 (E10.0)
26-30 (29-36) Load curve number giving time variation 15 (18)
31-35 (37-44) Generation incremekht, 15 (18)

Temperature data for missing nodes is generated using the specified node number irlcrement,

The temperature scale fac®r  and the base tempeTgtafe are linearly interpolated between
the starting and ending values.

At any timet , the temperature at a nage  is given by

T(t) = Thase+ Sf(t), (344)
whereT Pase s the specified base temperat@e, is the specified temperature scale fadttty and
is the value of the specified load curve at the current time.
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4.44 TEMPERATURE INPUT OPTION II

Define one temperature card for each of e MNP nodes if the thermal effects option is set to
-2 on Control Card 6 in section 4.1 on page 62.

Columns Quantity Format
1-5 (1-8) Node number 15 (18)
16-25 (19-28) Temperature E10.0 (E10.0)

Data for missing nodes is automatically generated by linearly interpolating from the endpoint
values.

The reference temperature state is assumed to be a zero state with this option. One set of nodal
temperatures is defined and held constant throughout the analysis.
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4.45 ONE DIMENSIONAL SLIDELINES

Define N1DSL one-dimensional slidelines as specified on Control Card 9 in section 4.1 on page
62. Repeat the following set of three cards for each one-dimensional slideline.

Define the One-Dimensional Slideline Control Card:

Columns Quantity Format
1-5 Number of slave node,SN 15

6-10 Number of master noddsMN 15
11-20 External radius of rebdR, E10.0
21-30 Compressive strength of concrédte, E10.0
31-40 Bond shear modulus, E10.0
41-50 Maximum shear displacemen, E10.0
51-60 Exponent in damage curvg, E10.0
61-70 Bond type flag BOND E10.0

EQ.O: elastic perfectly plastic
GT.0: elastic-plastic with hardening

Next, define the slave nodes as described below:

Cards 2, ..., NSN+1
Columns Quantity Format
1-5 (1-8) Slave number 15 (18)
EQ.O: the preceding slave number is incremented by 1
6-10 (9-16) Node number 15 (18)

Omitted slave node definitions are automatically generated by incrementing the node numbers by

n; —n;
(345)
S-S

wheres; ands; are the slave numbers on two successive cards, anch; and  are their corre-
sponding node numbers.
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The master nodes are now defined as described below:

Cards NSN+2, . .., NSN+NMN+1
Columns Quantity Format
1-5 (1-8) Master number 15 (18)
EQ.O: the preceding slave number is incremented by 1
6-10 (9-16) Node number 15 (18)

Omitted master node definitions are automatically generated by incrementing the node numbers by

n—n;
(346)
S-S

wheres, ands; are the master numbers on two successive caras, ana; and  are their corre-
sponding node numbers. The master nodes must be given in the order in which they appear as one
moves along the slideline.

One-dimensional slidelines are useful for modeling the pullout of reinforcing bars from concrete
structures. The present formulation was developed by Pelesson (1989). The concrete body is
modeled using solid elements, and the reinforcing bars are modeled using truss or beam elements.
The solid elements and beam elements should not have any nodes in common. A line of nodes
along the intersection of solid elements is defined as the master line, and a line of nodes (connected
by beam or truss elements) is defined as the slave line.

The bond between the reinforcing bars (beams) and concrete (solids) may be either elastic perfectly
plastic (BOND = 0) or elastic-plastic with strain hardenilBQND>0 ). In either case, a
maximum allowable slig,,,, is found from

dmax = uma _hdng’ (347)
whereu,,, and.,,, are input parameters &nd is a damage parameter to be discussed below.
For the perfectly plastic bond model, the shear force ainstep is found from

foe1 = mMin(f,—GAW, GA,, ) (348)
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whered is the nondimensional increment in slideline displacement (i.e., bond shear syain), is
the shear area of the concrete-bar bdad, isthe bond shear moduléis, and is the bond shear force
at the previous time step. For the elastic-plastic bond with hardening, the updated bond shear force
is given by

foeg = FotOAf o (1—edId) (349)
where
Max = GAdax— T (350)
The evolution of damage is related to the increment in sheanforeef |, | —f, by
forg—f
31 = D+l -2l (351)
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4.46 MASS PROPORTIONAL GENERALIZED RAYLEIGH DAMPING

Define MDAMP mass proportional damping definitions as specified in section 4.1 on page 62.
Use one card for each definition.

Columns Quantity Format
1-10 Fraction of critical dampind;CRTL E10.0
11-20 Frequency (rads/time) to be dampgeREQ E10.0
21-30 Time at which mass proportional damping startdON E10.0
31-40 Time at which mass proportional damping eid8OFF E10.0

Mass proportional damping is applied to all active nodes, and the damping factor, controlled by
FCRTL and FREQ, can vary with analysis time. Mass proportional damping initiates when the
analysis time reachéBMON  of the first definition. When multiple and temporally varying
damping coefficients are specified, the definitions must be defined in non-overlapping chrono-
logical order. The damping coefficient is assumed zero during periods in RGIRA L and
FREQ are undefined.

This global damping capability is based on concepts from Rayleigh damping in linear analysis. In
traditional Rayleigh damping, a global damping ma@ix is constructed as a linear combination
of the mass matriM and stiffness makix  as

C = aM + BK, (352)

wherea and3 are damping mass proportional and stiffness proportional coefficients, respectively.
During any time period, this approach can be used to introduce a specified fraction of critical
damping at a selected frequency. The mass proportional damping coefficient is related to
FCRTL and FREQ by

a = 2(FREQ(FCRTL). (353)
The stiffness proportional constgit may be specified by material to give additional flexibility in
the introduction of viscous dissipation into the model. (See section 4.47 on page 414.)

Mass proportional damping yields a fraction of critical damping which decreases with increasing
frequency, whereas stiffness proportional damping produces a fraction of critical damping which
increases with frequency.
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4.47 STIFFNESS PROPORTIONAL GENERALIZED
RAYLEIGH DAMPING

Define stiffness proportional Rayleigh damping MDAMP materials as specified in section 4.1
on page 62. Use one card for each material stiffness proportional damping definition.

Columns Quantity Format
1-5 Material numbem 15
6-15 Stiffness proportional damping constant for this matejal, E10.0
16-25 Effective Young’s modulus for damping computatidf)s, E10.0
26-35 Effective Poisson’s ratio for damping computations, E10.0

Stiffness proportional damping constants and effective elastic material parameters should be
specified for materials where stiffness proportional damping is desired. Materials for which
damping parameters are not defined will have zero stiffness proportional damping.

This global damping capability is based on concepts from Rayleigh damping in linear analysis. In
traditional Rayleigh damping, a global damping ma@ix is constructed as a linear combination
of the mass matrik and stiffness matix as

C = aM +BK, (354)

wherea and3 are damping coefficients. This approach can be used to introduce a specified
fraction of critical damping at two frequencies, since two parameters are available. The mass
proportional damping coefficient is specified in section 4.46 on page 413. The stiffness propor-
tional constanff may be specified by material to give additional flexibility in the introduction of
viscous dissipation into the model.

When used with nonlinear material models, the stiffness proportional damping is found using the
isotropic elastic part of the material stiffness constructed using the elastic constants specified
above. This approach prevents the amount of damping from varying with the material behavior
(such as plastic yielding), and allows accurate computation of the degree of damping introduced
into the model.

Mass proportional damping yields a fraction of critical damping which decreases with increasing
frequency, whereas stiffness proportional damping produces a fraction of critical damping which
increases with frequency.
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4.48 MATERIAL INITIALIZATION FOR ROTATIONAL MOTION

DefineNMROT materials or node range sets to have initial nodal velocities computed for
rotational motion as specified on Control Card 9 in section 4.1 on page 62. Repeat the following
group of cards for each material initialization set.

Card 1

Columns Quantity Format
1-10 X -component of angular velocity E10.0
11-20 y -component of angular velocity E10.0
21-30 z -component of angular velocity E10.0
31-40 X -component of center of rotation pokht E10.0
41-50 y -component of center of rotation poit E10.0
51-60 z -component of center of rotation poit E10.0

61-65 Number of materials in set (or flag for nodal definitidyMMT 15
GT. 0: Number of materials in this set
LT. 0: Node set defined by inclusive nodal pair

66-70 Nodal velocity superposition fladND 15
EQ. O: Initial velocities are calculated from the prescribed rotational
motion.
EQ. 1: Initial velocities from the prescribed rotations are added to
any previously defined initial velocities

Define the following cards when prescribing rotational motion by material set.

Cards 2, . ..
Columns Quantity Format
1-5 First material to be initialized I5
6-10 Second material to be initialized 15
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76-80 Sixteenth material to be initialized 15
Continue on additional cards, sixteen materials per card, urNiUAMM T materials have been
listed.

Define the following card when prescribing rotational motion by inclusive nodal pairs.

Cards 2, . ..
Columns Quantity Format
1-5 First node in inclusive set to be initialized 15
6-10 Last node in inclusive set to be initialized 15
Materials are initialized for rotational motion by computing initial velocities frens w x r for

all nodes of all elements using the listed materials or for all nodes, including the first and last nodes,
using the nodal set. If static initialization is used (via either input from NIKE3D or dynamic relax-
ation in DYNA3D),r is evaluated using tipest-initializationgeometry. This feature is useful

when using DYNAS3D for the transient dynamic analysis of rotating machinery, such as the impact
of a foreign object into a spinning fan.

The superposition flagND , facilitates the initialization of simultaneous translational and
rotational motions. When used, this option adds the nodal velocities components from the current
rotational motion to the previously defined nodal velocities. Thus, a combined translation and
rotational motion can be prescribed by defining the translation motion with the initial nodal condi-
tions (see INITIAL CONDITIONS on page 350) and then superimposing the rotational motion on
top of it. Alternatively, a local rotational motion may be prescribed about a point that itself is
rotating in space. In this case two definitions would be required and the relative angular velocity
should be specified.
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4.49 BODY FORCE LOADS BY MATERIAL

DefineNMBDF sets of materials to have body force loads applied as specified on Control Card 9
in section 4.1 on page 62. The first six cards define the desired body force load components and the
corresponding load curves, and the remaining cards list the materials affected. Repeat the following
group of cards for each material initialization set.

Card 1
Columns Quantity Format
1-5 Load curve number giving time variation for -direction base acceleration 15

EQ.O: nox -direction base acceleration body force

6-15 Scale factor or -direction base acceleration E10.0
EQ.0.0: default set to "1.0"

Card 2
Columns Quantity Format
1-5 Load curve number giving time variation for -direction base acceleration 15

EQ.O: noy -direction base acceleration body force

6-15 Scale factor ogp -direction base acceleration E10.0
EQ.0.0: default set to "1.0"

Card 3
Columns Quantity Format
1-5 Load curve number giving time variation for -direction base acceleration 15

EQ.O: noz -direction base acceleration body force

6-15 Scale factor om -direction base acceleration E10.0
EQ.0.0: default set to "1.0"

417



INPUT FORMAT DYNAS3D User Manual

Columns

1-5

6-15

Columns

1-5

6-15

Columns

1-5

6-15

Card 4

Quantity Format

Load curve number giving time variation for angular velocity akout -axis 15
EQ.O: no body force due to angular velocity about -axis

Scale factor on angular velocity abgut -axis E10.0
EQ.0.0: default set to "1.0"

Card 5

Quantity Format

Load curve number giving time variation for angular velocity agout -axis 15
EQ.O: no body force due to angular velocity abput -axis

Scale factor on angular velocity abgut -axis E10.0
EQ.0.0: default set to "1.0"

Card 6

Quantity Format

Load curve number giving time variation for angular velocity about -axis 15
EQ.O: no body force due to angular velocity about -axis

Scale factor on angular velocity abaut -axis E10.0
EQ.0.0: default set to "1.0"
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Cards 7, . ..
Columns Quantity Format
1-5 Number of materials defined in this S8t) MMAT 15
6-15 X -component of center of rotation poiit E10.0
16-25 y -component of center of rotation poiht E10.0
26-35 z -component of center of rotation point E10.0
Cards 8, . ..
Columns Quantity Format
1-5 First material to be initialized 15
6-10 Second material to be initialized 15
76-80 Sixteenth material to be initialized 15
Continue on additional cards, sixteen materials per card, untidiMMAT materials have been

listed.

Specify a load curve number of zero for body force load components which are not active.

Body force loads arising from base acceleration (gravity) or from rotational motion may be
specified for a selected set of materials using this option. This capability is especially useful for
static initialization of centrifugal stresses in rotating bodies or gravity stresses in soil prior to a
transient dynamic analysis.
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The angular velocity may be specified about any pBint by prescribing non-zero components for
P. Thus, the local apparent velocity of a point located at posRion is interpreted as
V=wx(R-P).

This option maynot be used in combination with the global body force options Prescribed Base
Acceleration and Prescribed Angular Velocity. Those two options apply body force to the entire
model instead of selectively by material.

This option is intended to work on disjoint parts, and slight inaccuracies may result if body forces
are applied to only part of a monolithic structure. If body force loads by material are specified for
a rigid body composed of multiple materials using the rigid body merge feature, then all materials
composing that rigid body should be listed to receive body force loads.
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450 CVS (MADYMO/ATB) COUPLING DATA

Define ellipsoids for coupling as defined on Control Card 4 in section 4.1 on page 62.

Card 1 - NMADEL

SpecifyNMADEL cards to define the ellipsoids for coupling.

Columns Quantity Format
1-5 Ordinal position of the ellipsoid in the MADYMO/ATB input 15
6-10 DYNA3D material number of the corresponding rigid ellipsoid 15

Define metrics to convert from CVS to DYNA3D, elgngth., gx metric = Lengthyyyasp

Card NMADEL+1

Columns Quantity Format

1-10 Time metric E10.0
EQ.0.0: default set to “1.0”

11-20 Length metric E10.0
EQ.0.0: default set to “1.0”

11-20 Force metric E10.0
EQ.0.0: default set to “1.0”

When MADYMO is used as the CVS code, the ordinal position refers to the position of the
ellipsoid definition in the COUPLING input section. When ATB is used as the CVS code, modifi-
cations must be made to the ATB source code to define a list of coupling ellipsoids and to
implement the PVM interface as defined below.
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This coupling option allows the CVS representation of the occupant to impact interior surfaces in
the passenger compartment modeled in DYNA3D, and thus yields a more realistic simulation. In
the current implementation of this coupling, during a time step the CVS program gives to
DYNA3D the positions and orientations of each ellipsoid. DYNA3D then uses its contact
algorithms to evaluate the total force and moment arising from impact between the ellipsoid and
the occupant environment, and transmits this information back to the CVS code. To use this full
coupling, the DYNA3D model should contain a geometric representation of the ellipsoids in the
CVS model, and each ellipsoid should be defined as a separate DYNA3D rigid material.
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4.51 AIR BAG GAS FLOW DEFINITIONS

DefineNUMAIR air bag gas flow models as specified on Control Card 4. DefiN&JMAIR
control card sets first, then define segment definition cards as needed.

Card Setsl, ..., NUMAIR |

Two control cards are needed for each air bag model.

Control Card 1

Columns Quantity Format
1-8 Number of segments (element surfaces) that define the air bag’s exterior I8
surface which fully encloses its volumeUMSEG
9-16 Number of node or rigid material used to trigger gas flow into air bag. I8
17-20 Trigger optionQPT : 14

OPT.LT.0: Node number used.

OPT.GT.0: Rigid material used.

ABS(OPT).EQ.1: acceleration magnitude used.
ABS(OPT).EQ.2: x -direction acceleration component used.
ABS(OPT).EQ.3:y -direction acceleration component used.
ABS(OPT).EQ.4: z-direction acceleration component used.

21-30 Threshold acceleration magnitudey, csnold E10.0

31-40 Minimum time to trigget,,,;,, . All accelerations before this E10.0
time are ignored.

41-50 Dwell time o - The trigger acceleration must exceed the threshold E10.0

acceleratiomyy, cshoig for a minimum of, ., before gas flow is
triggered (initiated.)

51-55 Load curve number giving the mass flow rate, , in to the air bag versus 15
relative time. Time is specified relative to the trigger time.

56-60 Load curve number giving the absolute temperature of incoming,gas, , 15
versus relative time. Time is specified relative to the trigger time. Note,
the residual air bag gas at initiation is presumed to be at the temperature
corresponding toT; . (t = 0)

61-70 Absolute atmospheric pressuPg,,, . E10.0
71-80 Effective gas consta, . E10.0
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Control Card 2

Columns Quantity Format

1-10 Constant coefficient of the effective constant-pressure specifi@heat, . E10.0
11-20 Linear coefficient of the effective constant-pressure specifictheat, . E10.0
21-30 Effective exhaust are, . E10.0
31-35 Print intervalPint . 15

36-40

EQ.O: No information printed.

GT.0: Step interval between prints of the air bag’s relative pressure,
volume, and temperature to thgpfile.

Exhaust hole segment numi¢ty MHOLE . 15
EQ.O: Exhaust area does not change with deformation.
GT.0: Segment number used to scale exhaust area.

SEGMENT DEFINITIONS

Card 1, ..., NUMSEG

For each of th&lUMAIR air bag models, defN&IMSEG  segment definition cards.

Columns Quantity Format
1-10 (-) Segment number 110 (omit)
11-15 (6-13) Noden, (see Figure 33) 15 (18)
16-20 (14-21) Node, 15 (18)
21-25 (22-29) Node, 15 (18)
26-30 (30-37) Node, 15 (18)
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Each air bag is defined by a settJMSEG  segments (element faces) that enclose the entire air
bag volume. The air bag is assumed to be simply connected and the node numbering convention,
defined in Figure 28, must produce a normal veator, , which points outward from the enclosed air
bag volume. During inflation, positive relative pressure produces nodal forces that act in the
direction of instantaneous , i.e. outward from the bag’s interior and normal to the segment faces
in the current configuration.

Air bag inflation is triggered by the acceleration of either a node or arigid material. For time greater
thant ., , the current absolute value of the specified node or rigid material acceleration is
compared to the threshold acceleration magnitge..snoid . The vadE of determines
whether the controlling node/material’s entire acceleration magnitude is used or just one of its
acceleration components. The air bag’s gas flow is initiated when the controlling node’s or rigid
material’s acceleration exceedlg, .snoiq  fOr the minimum tigye,,  tylf = 0 and

towen = 0, the air bag will begin to inflate the first time the threshold acceleration is exceeded.

The gas behavior is represented by an isentropic ideal gas relationship which assumes that uniform
conditions exist inside the air bag. Gas is assumed to enter the air bag at the magd(tate, ,
and the temperaturd,; (t,) , prescribed by the load curves.tHere is the relative time from the
start of inflation, i.et, = 0 when inflation initiates. The rate of gas mass that leaves the air bag is
controlled by the relative pressure differential between the interior and exterior of the air bag and
can be expressed as:

(355)

y+1
o = pMmT [ 2Cp [ Pam 2V _ Pam 5~
ex Ty L TtHLEPH L pt

where the air bag’s internal pressure, volume, and mass are giterbby ,m, and |, respectively.
The effective constant-pressure specific h@@t, , IS assumed to be linear in absolute temperature,
T, and be given by

Cp=a+bT (356)
wherea andb are the effective constant and linear coefficients, respectively. Furthermore, the

constant-volume specific he&, , is defined to be

c C, = Cp—ﬁ (357)
with y = Ep . The effective exhaust ar€a s given by
\Y
D = A, /1-K (358)
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whereA,, is the exhaust area add is the head loss coefficient based upon the exit velocity.

Conservation of mass yields the first controlling differential equation for the rate of mass change,
m, occurring inside the air bag:
(359)

The second differential equation that governs temperature is derived from a standard rate equation
of the first law for a control volume, i.e. conservation of energy. By assuming that the enthalpy of
the incoming gady,, , is given by

Tin(tr)

hi, = I CpdT (360)
0
and the internal energy, , is given by
-
u= J’ caTt (361)
(0]
then the rate of temperature change inside the air bag is expressed as
. . : -V
. minTinCp_in—TLva + mexCID + mFR—/Jf
T = (362)

mGC,
Unless otherwise indicated by subscripts, all quantities pertain to the internal air bag variables. The
instantaneous air bag volumé, , is obtained via

_ X.
V = [ZndA. (363)

The surface integration is performed over all exterior surface segments using the current position
vector,X , and outward normal

At initiation the current air bag volum¥, , is calculated. Using the initial incoming gas temper-
ature,T, , defined a3, = T, (t, = 0) ,adg ,the gas mass required to pressurize the air bag
to atmospheric conditions), , is calculated from

PV
m, = 202 (364)
TR
(For numerical reasons, a finite initial volume is required.) Using Tand  for the initial condi-
tions within the air bag, the two governing differential equations are integrated each step using an

implicit, unconditionally stable, trapezoidal integration scheme. To ensure numerical accuracy,
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integration error estimates are made at each time step. If the estimated error is greater than 0.001%
of the current temperature or mass, the step is subdivided and the integration is performed again.
This procedure ensures accurate results independent of the time step governing the global problem.

Deformation of the air bag’s skin during inflation can substantially increase the exhaust orifice
area, increasingy,, . To account for this behavior, the user can identify a specific segment whose
relative area,o(g (where is the segment area), modulates the effective exhalg} area

Although elements must completely enclose the entire air bag volume, the mechanical properties
of the air bag hole(s) need not be the same as the other air bag elements.

The gas coefficients useal, abd , are effective quantities. They are obtained by appropriately
averaging the contributions of all species present and then dividing the total quantities by the
averaged molecular weight. Similark, s the universal gas cond®ant, , divided by the averaged
molecular weight. Because effective gas properties are used, both single specie and poly species
gases can be modeled.

For a complete description of the air bag formulation and implementation, see Kay and Zywicz
(1994).
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452 SLIDE SURFACE ACTIVATION/DEACTIVATION TIMES

DefineNUMSVT activation/deactivation times for slide surfaces as specified on Control Card 4 in
section 4.1 on page 62. Slide surface activation/deactivation times are not required for slide
surfaces that remain active through out an analysis.

Card 1, ...,NUMSVT

Columns Quantity Format
1-5 Slide surface number to activate/deactivate 15
6-15 Activation time during transient analysis (defaut 0 ) E10.0
16-25 Deactivation time during transient analysis (defast 10%° ) E10.0
26-35 Activation time during dynamic relaxation analysis (defaut 0 ) E10.0
36-45 Deactivation time during dynamic relaxation analysis (defanltlozo ) E10.0

Slide surfaces may be activated and deactivated during both the transient and dynamic relaxation
portions of an analysis. This is an effective way to 1) simulate perforation, 2) alter contact attributes
during an analysis, e.qg. friction coefficients, or 3) minimize contact computational costs.

Slide surfaces are numbered in the order they are defined in the sliding interface definition section.

Care must be used when activating/deactivating slide surfaces of type 1, 2, 6, 7, 8, or 9. Surfaces
of these types must be activate at the start of the analysis. Furthermore, these slide surfaces should

not be deactivated during the dynamic relaxation portion of an analysis and then reactivated during
the transient portion of an analysis.
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4.53 DELAMINATION ELEMENTS

Define delamination elements in this sectioBDELAM >0 on Control Card 4 in section 4.1 on
page 62. Delamination element input follows the general organization of the entire DYNA3D input
file: first the Delamination Element Control Section defines the number of delamination elements,
number of material models, and sets optional delamination element default values. Next, each
delamination element material model and associated parameters are specified in the Delamination
Element Material Model Section. Then, the connectivity for all delamination elements is given in
the Delamination Element Connectivity Section. All parameter input is keyword based, and delam-
ination element connectivity is specified as free-formatted, space-delimited input.

The keyword and associated parameters are prescribed follow the same convention used to define
the analysis control cards (see section 4.2 on page 73) and override any values defined previously.

Delamination Element Control Section

First, define the Delamination Element Control Section parameters. This section must be termi-
nated with theendfree keyword.

elementsdelam Number of delamination element
materials ndeld Number of delamination element materials
tsmin tsmin Default minimum timestep size for delamination element deletion

(default value 0.0)

endfree End keyword input
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Delamination Element Material Model Section

Second, definedelddelamination element material models. Each model definition begins with the
keywordmaterial and ends with the keyworhdfree Note, not all keywords are active for all
material model types and that all model parameters need not be defined to fully specify the traction-
displacement relationship.

material number  Begin definition of delamination material numimemmber Note,number
need not be inclusive between 1 anuigld For example, the delamination
material numbers might range froommat+ 1 menmat+ ndeld ,where
nmmatis the number of conventional material definitions in the problem.

endfree End keyword input

Note: This section is also used to define cohesive element material models.

eta n Linear viscosity coefficient for material type 2. (Default 0.0)
gl G, Mode | toughness or fracture energy. (Ungisergy/crack area)
g2 G, Mode Il toughness or fracture energy. (Unésergy/crack area)
klb K1 Mode I stiffness. (Unitsstress/length)

k2b K, Mode Il stiffness. (Unitsstress/length)

model model Material model type:

Eq.1: Original SNL model
Eq.2: Single internal damage variable model

sler §¢ Mode | critical stress. (Unitstress)
s2cr S Mode Il critical stress. (Unitstress)
tsmin tsmin Minimum timestep size for delamination element deletion. This value

overrides the global value for this material model. (default value 0.0)

uler U Mode | critical displacement. (Unitiength)
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u2cr U, Mode Il critical displacement (Unitgength)
ulmax UM Mode | maximum displacement. (Unitength)
u2max U,Max Mode Il maximum displacement (Unitength)

Note, for each mode, either the critical displacement or critical stress and either the maximum
displacement or toughness need be specified. The remaining terms will be internally calculated.

Also, UT**> U3 anduy > U3 .

Delamination Element Connectivity Section

Definedelamdelamination element definitions. Each definition consists of the following free-
formatted, space-delimited data set. The element definitions may be specified in any order, i.e., they
are independent of the actual delamination element number.

Quantity Format
Delamination element number Integer
Delamination material number Integer
Noden, Integer
Noden, Integer
Noden, Integer
Noden, Integer
Nodeng Integer

Delamination elements should be defined using the same ordering convention used for solid 6-node
and 8-node elements (see Figure 28). In addition, the shell elements connected by the delamination
element must reside on opposite faces, as in Figure 43, and connect two and only two shell
elements.
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Upper shell element mid-surface Ng

Lower shell element mid-surface

Upper shell element
mid-surface Upper shell

thickness

Lower shel
thickness

Lower shell element
mid-surface

Figure 43
DYNA3D delamination element geometry and local delamination coordinate system.
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Delamination elements are used to simulate cohesion or interlaminar forces between “parallel”, but
offset, pairs of stacked shell elements. The original element formulation and implementation in
DYNA3D was developed by Reedy, et. al. (1997, 1996). In it, delamination elements employ
traction-displacement relationships to generate nodal forces and moments based upon the projected
displacements of the shell element corners (see Figure 43) in opening (mode 1) and inplane shear
(mode 1) directions. The instantaneous local mode | direction is established by connecting the
adjacent nodes. The mode Il and Il directions are orthogonal to the mode I direction and point
essentially along the mid-surface edges. The total modal displacem(uisy,, ,u,, ) are

obtained by integrating the differences in the projected corner velocities with time.

Delamination and Cohesive Element’s
Traction-Displacement Concepts

Although the delamination or cohesive element’s modg | () displacement corresponds to the
traditional fracture mechanics opening mode, i.e., mode I, the delamination element’s
displacement modes Il and Il represent orthogonal components of the traditional inplane shear
mode, i.e., fracture mechanic’s mode Il. Consequently, it is convenient to define the effective mode
Il displacement,, by

Uy = JUp + Uy, (365)

when considering damage.

The traction-displacement laws relate the modal displacement wetdahe local surface traction

vectort as
t = K(d)u (366)
HerekK, the stiffness matrix, initially has the form
K, 0 O
K=1]10K,0 (367)
0 0K,

andd represents the vector of internal damage variables. The critical stress at which damage
initiates under pure mode | loading;’  ,isgiven8y = K, xu, . Similarly, the critical stresses
at damage initiation under pure mode Il is givershy = K, x u,,
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Figure 44 shows the traction-displacement relationship for pure mode | and Il loadings for models
1 and 2. The toughness or energy dissipated in pure mode | or mode Il loading is gi&Gn by  and
G, . During unloading, the current secant stiffness is used. When0 , th&full  is employed.

Model 1, SNL's original relationship, employs two internal damage variablesdd,, to scale
the mode | and Il stiffnesses as

Kyxd, 0 0
K=| 0 Kyxd, 0 (368)
0 0 K,xd,

and generate a bi-linear response under pure mode | or mode Il loading. The damage variables
initially start at 1 and progress to 0 and are based upon ognd , respectively. Conse@uently,
andG, are related to the critical tractions and maximum displacements via
cermax cermax

G, = S% andG, = Ssz , (369)
respectively. Whenl, > % and, > % , the damage variables evolve independently and damage in
one mode does not influence the behavior in the other mode. However, whed, &itia,,
decrease below 1/2, both andd,, are set to the minimum of valdgandd, and the damage

evolution and response becomes coupled.

Model 2, developed within a thermodynamic framework (for example, see Govindjee, 1995), uses
the single damage variabigo evolve damage in both mode | and Il simultaneously. The damage
surface, expressed in terms of the traction componsrdsen by

2 cr
(|t|| +1)) Sir 2 .2 S n
2 l’Sgr’f X At
X = Exp -2 (371)
ruM4

HereAt andAd denote the present time step size and current increment in damage, respectively,
andn is the viscosity in pure mode | loading. (The effective viscosity in pure mode Il loading is
given byn(S;'UT' ™)/ (S, ' U5 ™) .) The damage varialilés required to evolve such that

Adx@ = 0 andAd=0 for all times. The complete model consists of equations (366), (368)-
(371), andd; andd, defined as
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S u =0

di = (S + UK, (X-1)) (372)
b 1 u <0

d >2 (373)

2SS+ UMK, (X - 1))

Note, UTaX andUrznaX do not have the exact same physical meaning as they do in model 1.

Under pure mode | or Il loading, the traction-displacement response appears bi-linear with a small
tail that asymptotesto zero. Whgr> 0 | rate effects increase the area under the curve and elongate
the tail region. Note, the model can be run without rate effects by simply speaijfyin@
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[
Sle_A_
Gy
: = U |
/ Ulcr Ulmax

: cr 'm&u“
/ U U,

Model 1 Model 2

Figure 44:Traction-displacement behavior for models 1 and 2 under pure mode | and Il loadings.

Delamination and cohesive elements remain active in the calculation until one of the damage
variables reaches a critical level (modeldl: dyr  equal zero, model 2: 10° ), either of the
associated shell elements are deleted from the calculation (for example, due to element failure), or
the element time-step size falls beltsmnin In order to prevent the associated shell or hex elements
from penetrating each other, slide surfaces should be define. When using automatic contact or
conventional slidesurface with the “thickness” option, local deformation sometimes causes the
shell elements to contact and the delamination element to fail prematurely. The slidesurface option
thicslis helpful in eliminating this artificial behavior, etdpicsl = 0.9
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Delamination and cohesive elements are included in the state plot files as additional brick elements.
To avoid conflicts, both the element and material numbers maybe renumbered as described in the
hsp file. The three traction componentsl(, andlll) and the modéandll internal damage

variables @) are element averaged and outputted ag,tlyez, xy,and, if active yz,stress compo-

nents, respectively.
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4.54 COHESIVE ELEMENTS

Define cohesive elements in this sectioNWMCOH>0 on Control Card 4 in section 4.1 on
page 62. Cohesive elementinput follows the general organization of the entire DYNAS3D input file:
first the Cohesive Element Control Section defines the number of cohesive elements, number of
material models, and sets optional cohesive element default values. Next, each cohesive element
material model and associated parameters are specified in the Cohesive Element Material Model
Section. Then, the connectivity for all cohesive elements is given in the Cohesive Element Connec-
tivity Section. All parameter input is keyword based, and cohesive element connectivity is specified
as free-formatted, space-delimited input.

Cohesive and delamination elements
The keyword and associated parameters are prescribed follow the same convention used to define
the analysis control cards (see section 4.2 on page 73) and override any values defined previously.

Cohesive Element Control Section

First, define the Delamination Element Control Section parameters. This section must be termi-
nated with theendfree keyword.

elementsnumcoh  Number of cohesive element
materials ncohd Number of cohesive element materials

tsmin tsmin Default minimum timestep size for cohesive element deletion
(default value 0.0)

endfree End keyword input
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Cohesive Element Material Model Section

Second, definacohdcohesive element material models. Each model definition begins with the
keywordmaterial and ends with the keyworhdfree Note, not all keywords are active for all
material model types and that all model parameters need not be defined to fully specify the traction-
displacement relationship.

material number  Begin definition of cohesive material numipeimber Note,number
need not be inclusive between 1 amwbhd For example, the cohesive
material numbers might range froommat+ 1 rnomat+ ncohd ,where
nmmatis the number of conventional material definitions in the problem.

endfree End keyword input

Cohesive elements and delamination elements have common traction-displacement material laws.
Thus, the input parameters are exactly the same as that listed for delamination elements (see,
Delamination Element Material Model Section on page 430).

Cohesive Element Connectivity Section

Definenumcohcohesive element definitions. Each definition consists of the following free-
formatted, space-delimited data set. The element definitions may be specified in any order, i.e., they
are independent of the actual delamination element number.

Quantity Format
Cohesive element number Integer
Cohesive material number Integer
Noden; Integer
Noden, Integer
Noden, Integer
Noden, Integer
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Nodeng Integer

Cohesive elements should be defined using the same ordering convention used for solid 6-node and
8-node elements (see Figure 28). In addition, the hex elements connected by the delamination
element must reside on opposite faces, as in Figure 45, and connect two and only two hex elements.
The upper and lower cohesive element nodes should be coincidental initially.
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Upper hex element

Lower hex element

Figure 45
DYNAS3D cohesive element geometry and local delamination coordinate system.

441



INPUT FORMAT DYNAS3D User Manual

Cohesive elements are used to simulate cohesion or interlaminar forces between “parallel’hex
elements. Cohesive elements employ traction-displacement relationships to generate nodal forces
based upon the projected displacements of the hex element corners (see Figure 43) in opening
(mode I) and inplane shear (mode II) directions. The instantaneous local mode | direction is estab-
lished by connecting the adjacent nodes. The mode Il and IIl directions are orthogonal to the mode

| direction and point essentially along the mid-surface edges. The total modal displacements,
u=(u, ,u,, ,uy, )t are obtained by integrating the differences in the projected corner velocities with
time.

Cohesive elements and delamination elements share common traction-displacement laws and
kinematic idealizations. For a detailed description of these, see Delamination and Cohesive
Element’s Traction-Displacement Concepts on page 433.
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5.0 RESTART INPUT FORMAT

The following sections describe the format of the DYNA3D restart input file. The procedure for
initiating a DYNA3D restart analysis is described in section 3.4 on page 56.

The specification of a restart input file is optional when restarting an analysis which was terminated
before the termination time specified in the initial input file. If no changes to the model or analysis
parameters are desired, the restart may be initiated by omitting the restart input file and specifying
only the restart dump file (or the running restart file) which contains the desired starting point data.
DYNAS3D will then resume execution and continue until the termination time specified in the
original input file.

A restart input file is required when restarting a run which completed normally (to, for example,
increase the termination time), when changes to the model or analysis parameters are desired, or
when stress initialization files for NIKE3D or DYNAS3D are to be generated. A restart input file
may be used to:

* change the termination time,

» change the time interval between writes of time history plot data,

» change the time interval between writes of state plot data,

» delete sliding interfaces,

* delete materials,

» delete solid, beam, shell, or thick shell elements,

* reset the time step scale factor,

» reset the interval between restart or running restart dumps,

» change the global rigid-body translational velocity,

» change the definitions of rigid walls.
If a restart input file is used, it should be specified along with the appropriate restart dump file (or
running restart file) on the DYNA3D command line used to initiate the restart. The restart input file
must contain cards 1, 2, and 3

Changes made at a restart will be reflected in all subsequent restart dumps.
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After a restart, the familied files for the state plot database, time history database, and restart dump
files will retain their original names (by default) and will continue with numbering according to the
original sequence. This allows convenient plotting of the entire analysis results using only one
family of plot database files.
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5.1 TITLE CARD

Card 1
Columns Quantity Format
1-72 Heading or problem title 12A6
76-80 Format option for node numbers A5

Input “large” if node numbers exceed 99999.

Note that in the following input description, column numbers and format descriptors in parenthesis
apply to the “large” input format option.
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5.2 RESTART CONTROL

Card 2
Columns Quantity Format
1-10 New termination time E10.0
EQ.0.0: termination time remains unchanged
11-20 New time interval between writes of time history plot data E10.0
EQ.0.0: interval remains unchanged
21-30 New time interval between writes of state plot data E10.0
EQ.0.0: interval remains unchanged
31-35 Number of sliding interfaces to be deleted (maximum of 48) 15
36-40 Number of materials to be deleted 15
41-45 Number of solid element blocks to be deleted 15
46-50 Number of beam element blocks to be deleted 15
51-55 Number of 4-node shell element blocks to be deleted 15
56-60 Number of 8-node thick shell element blocks to be deleted 15

Note that sliding interfaces and materials to be deleted are simply listed, but elements to be deleted
are specified in blocks, or groups of elements. Groups are defined by giving the first and last
element numbers of a consecutive sequence of elements to be deleted.
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Card 3
Columns Quantity Format
1-10 New time step scale factorE10.0

LT.0.0: restart the job with a fixed time step; the absolute value
of the new scale factor is used as the constant time step.

EQ.0.0: time step scale factor remains unchanged.

GT.0.0: define the new time step factor.

11-15 Number of changed translational boundary condition codes 15

16-20 Number of materials for stress initializatiobhiyiSI . This feature 15
causes DYNA3D to generate stress initialization files for DYNA3D
and then terminates.
EQ. NMSI: number of materials to initialized.
EQ. -1: all materials will be initialized.

21-25 Number of time steps between restart dumps. 15
EQ.O: no change

26-30 Number of time steps between running restart dumps 15
EQ.O: no change

31-35 New global rigid-body translation velocity is specifisd/EL 15
EQ.O: no change
EQ.1: change

36-40 Number of rigid walls to be redefinddiNUMRW 15

EQ.O: no change

41-46 Generate stress initialization files for NIKE3D. This feature 15
causes DYNAS3D to generate stress initialization files for NIKE3D
and then terminates.
EQ. 0: no files generated.
EQ. 1: generate files and terminate.
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Card 4 ... 3+Nfree

Free format keywords and options are optionally specified on cards 4 to 3+Nfree. Control card
keywords (see section 4.2 on page 73), if present, are specified first the same way they are specified
in the main input deck. Next, keyword based options (see section 4.3 on page 88), if desired, are
prescribedOnly keywords that alter run time parameters should be specifiedFor example, it

is permissible to change the number of SMP threads, termination time, plot state interval, or time-
step scale factor. However, the number of nodes, elements, prescribed velocities, etc. should not be
altered; such modifications will result in an abnormal termination!
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5.3 DELETED SLIDING INTERFACES

Skip this section if there are no sliding interfaces to be deleted at restart.

Columns Quantity Format
1-5 (1-8) Number of first sliding interface to be deleted 15 (18)
6-10 (9-16) Number of second sliding interface to be deleted 15 (18)
10-15 (17-24) Number of third sliding interface to be deleted 15 (18)

Currently, a maximum of 48 sliding interfaces may be deleted at restart. Each card may include up
to 16 sliding interfaces, or 10 if large format is used. This should not be a serious limitation in most

situation.
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5.4 DELETED MATERIALS

Skip this section if there are no materials to be deleted at restart.

Columns Quantity Format
1-5 (1-8) Material number of first material to be deleted 15 (18)
6-10 (9-16) Material number of second material to be deleted 15 (18)
10-15 (17-24) Material number of third material to be deleted 15 (18)

When a material is deleted, all elements associated with that material are also deleted. There is no
limit to the number of materials which may be deleted. Each card may include up to 16 material
numbers, or 10 if large format is used. Deleting materials is a way of deleting a group of elements
which all share the same material number, and may be more convenient than listing the elements

individually if the element numbers are not contiguous.
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5.5 DELETED SOLID ELEMENT BLOCKS

Skip this section if there are no solid elements to be deleted at restart.

Columns Quantity Format
1-5 (1-8) First solid element of first block to be deleted 15 (18)
6-10 (9-16) Last solid element of first block to be deleted 15 (18)
10-15 (17-24) First solid element of second block to be deleted 15 (18)
16-20 (25-32) Last solid element of second block to be deleted 15 (18)

All solid elements with numbers between the first and last numbers of each block are deleted. Each
card may include up to 16 element numbers (8 blocks), or 8 (4 blocks) if large format is used.
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5.6 DELETED BEAM ELEMENT BLOCKS

Skip this section if there are no beam elements to be deleted at restart.

Columns Quantity Format
1-5 (1-8) First beam element of first block to be deleted 15 (18)
6-10 (9-16) Last beam element of first block to be deleted 15 (18)
10-15 (17-24) First beam element of second block to be deleted 15 (18)
16-20 (25-32) Last beam element of second block to be deleted 15 (18)

All beam elements with numbers between the first and last numbers of each block are deleted. Each
card may include up to 16 element numbers (8 blocks), or 8 (4 blocks) if large format is used.
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5.7 DELETED SHELL ELEMENT BLOCKS

Skip this section if there are no shell elements to be deleted at restart.

Columns Quantity Format
1-5 (1-8) First shell element of first block to be deleted 15 (18)
6-10 (9-16) Last shell element of first block to be deleted 15 (18)
10-15 (17-24) First shell element of second block to be deleted 15 (18)
16-20 (25-32) Last shell element of second block to be deleted 15 (18)

All shell elements with numbers between the first and last numbers of each block are deleted. Each
card may include up to 16 element numbers (8 blocks), or 8 (4 blocks) if large format is used.
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5.8 DELETED THICK SHELL ELEMENT BLOCKS

Skip this section if there are no deleted thick shell elements.

Columns Quantity Format
1-5 (1-8) First thick shell element of first block to be deleted 15 (18)
6-10 (9-16) Last thick shell element of first block to be deleted 15 (18)
10-15 (17-24) First thick shell element of second block to be deleted 15 (18)
16-20 (25-32) Last thick shell element of second block to be deleted 15 (18)

All thick shell elements with numbers between the first and last numbers of each block are deleted
Each card may include up to 16 element numbers (8 blocks), or 8 (4 blocks) if large format is used.
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5.9 CHANGED BOUNDARY CONDITIONS

Skip this section if there are no nodal boundary condition codes to be changed at restart.

Columns Quantity Format
1-5 (1-8) Node number 15 (18)
6-10 (9-13) New translational boundary condition code F5.0 (F5.0)
11-15 (14-18) New rotational boundary condition code F5.0 (F5.0)

Nodal boundary condition codes are described in section 4.7 on page 306. Changed boundary
condition codes offer flexibility in modeling. For example, one might apply forces to a panel to
establish a tensile preload using the dynamic relaxation initialization option, and then restart and
change the boundary conditions on boundary nodes to fixed to simulate a clamped prestressed
plate. Changed boundary conditions can also be used to simulate some aspects of structural failure.

Boundary condition codes may be changed for nodes on rigid or deformable bodies.
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5.10 MATERIAL NUMBERS FOR STRESS INITIALIZITION

Skip this section iINMSI equals O or -1.

Cards 1, 2, ..., NMSI
Columns Quantity Format
1-5 Old material number I5
6-10 New material number I5

Stress initialization is performed only for elements of materials that have a prescribed old material
number.

Note that material numbers may be changed from their values in the restart file (i.e. old material
numbers) to their values in the new input file, provided that the constraints explained in section 2.20
on page 38 are not violated.

WhenNMSI = -1 , a one to one correspondence is established between all old and new material
numbers. If fewer new material numbers exist than old material numbers, the extraneous element
data will be ignored.
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5.11 CHANGED GLOBAL TRANSLATIONAL VELOCITY

Skip this section iINVEL = 0 .

Columns Quantity Format
1-10 NewX -translational rigid-body velocity E10.0
11-20 NewY -translational rigid-body velocity E10.0
21-30 NewZ -translational rigid-body velocity E10.0

The global rigid-body translational velocity of all nodes and rigid bodies in an analysis may be
changed on restart. The change is made by adding the difference between the new rigid-body
velocity and the current rigid-body velocity to each node and rigid body in the problem. The current
rigid-body velocity is defined as the mass averaged velocity of all nodes and rigid materials in the
problem. It may differ from the rigid-body velocities reported in the status query (section 3.3 on
page 54) since it excludes all contributions from moving rigid walls. Both the new rigid-body
velocity and current rigid-body velocity (before the change) are included in the restart’s printed
output file.

This feature, coupled with the ability to redefine rigid walls (section 5.12 on page 458), is
extremely useful when simulating multiple sequential impacts.
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5.12 CHANGED RIGID WALLS

Skip this section NNUMRW = 0 .

Card 1
Columns Quantity Format
1-5 (1-8) Number of rigid wall to be redefinedI5 (18)

6-15 (9-18) X -coordinate of poilR  (must be on rigid wall) E10.0 (E10.0)
16-25 (19-28) y -coordinate of poift E10.0 (E10.0)
26-35 (29-38) z -coordinate of poifit E10.0 (E10.0)
36-45 (39-48) X -coordinate of poilQ@ (must be in space) E10.0 (E10.0)
46-55 (49-58) y -coordinate of poiQ E10.0 (E10.0)
56-65 (59-68) z -coordinate of poir@ E10.0 (E10.0)
66-70 (69-73) Moving rigid wall optiodMSWF 15 (15)

EQ.O: rigid wall is fixed in space
EQ.1: rigid wall has mass,,,;, and initial velocity
71-75 (74-78) Stick condition optiohSTICK 15 (15)

EQ.O: frictionless sliding after contact
EQ.1: no sliding after contact

76-80 (79-80) Finite size rigid wall optiob)MIT 15 (12)
EQ.O: rigid wall extends to infinity
EQ.1: size and orientation is defined

The geometry of rigid wall definitions is shown in Figure 34. PBint is at the origin of the rigid
wall local coordinate system, and therefore must lie on the rigid wall surface.Qoint is a pointin
space, and the rigid wall normal vector is defined as a vectorfronQ to . This normal vector
must point towards the impacting bodyLIMIT = 1 , the dimensions of the rigid wall plane
andly (as specified on the next card) are measured from the origin & point

After impact, two friction options are available for rigid wallsL3fTICK = 0, then the wall is
frictionless, and no resistance is provided to transverse motion in the plane of the wall. If
ISTICK = 1, then sufficient friction is provided to prevent any transverse motion of the
contacting body in the plane of the wall.
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The slave nodes associated with the redefined rigid-wall can not be changed.

Card 1 + LIMIT
Define this card only ifLIMIT = 1.
Columns Quantity Format
1-10 X -coordinate of poinR E10.0
11-20 y -coordinate of poirR E10.0
21-30 z -coordinate of poinR E10.0
31-40 Length ok, edge, (see Figure 34) E10.0
EQ.0.0: extends from negative to positive infinity
41-50 Length ofy, edgée E10.0

EQ.0.0: extend{% from negative to positive infinity

Note thatl, andly cannot both be zero if the finite rigid wall option is adtnIT = 1 ).

Card 1+LIMIT+IMSWF

Define this card only if MSWF = 1.

Columns Quantity Format
1-10 Total mass of rigid walin, E10.0
11-20 Initial velocity of rigid wally, , in direction of normal vectar, E10.0
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6.0 MATERIAL MODEL DRIVER

6.1 OVERVIEW

This section describes a Material Model Driver which is incorporated into DYNA3D. The Material
Model Driver allows plotting of the stress-strain response predicted by a material model under a
given load path. This feature is particularly useful when fitting complex material models to exper-
imental data, or when using a complex model for the first time. The interactive graphics plotting
capability of the Material Model Driver allows the simulated material stress-strain behavior to be
easily compared with actual material test results or theoretical predictions.

The material model driver works with any DYNA3D material model, including both solid and shell
element material models, and computes the stress history corresponding to a given strain history
without including the effects of dynamic response. The dynamic equations of motion are not used
by the material model driver, and therefore the material behavior is simulated independent of
inertial effects. These inertial effects would be present and complicate the interpretation of the
results if a “one-element” problem were used to demonstrate the material model behavior. Rate
dependence in the constitutive model is included, so realistic strain rates must be used with the
Material Model Driver for rate-dependent materials.

6.2 INPUT DEFINITION

The Material Model Driver is invoked by setting the total number of beam, shell, and solid elements
to zero in a standard DYNA3D input file (described in Chapter 4 of this manual). The number of
load curves should be set to nine, and the termination time should be set to the desired length of
the simulation. The complete state dump interval is interpreted as the time step to be used in the
Material Model Driver run. This value should be chosen in conjunction with the strain vs. time
description in the load curves to yield realistic strain increments at each step of the simulation.
Plotting information is saved at every step of a Material Model Driver simulation.

The remainder of the input file should be as specified in Chapter 4 up through the material model
definition. Do not include section properties for shell elements! Immediately after the material
definition, nine load curves describing the strain path should be defined. These nine curves describe
the time history of the displacement gradient components shown in Table 1 xwlgere z , and
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represent three orthogonal coordinate directionstand , wand represent displacement fields in
those directions, respectively. Note that if a rate-dependent model is used, then the “time” in the
Material Model Driver corresponds to physical time and must yield realistic strain rates. If a rate-
independent material model is used, then “time” is really a nonphysical quasi-time used to param-
eterize the strain history, and any convenient scale may be used (such as Driver time step size of
1.0 and a termination time equal to the number of steps desired).

The Material Model Driver supports material models for both solid and shell elements. The choice
of solid element vs. shell element material model is indicated on the Material Control Card. For
shell element material models, the input value,of is not used since it is not an independent
variable in the plane stress constitutive formulation used in shell elements.

Load Curve Number Component Detinitiol

Table 1 - Load Curve Definitions
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The strain rate, or rate of deformation in a finite strain context, is found by taking the symmetric
part of a finite difference time derivative of the components specified by the load curves. For
example, if the above components are considered to form a &nsor , then & tensor t, at time
(corresponding to step ) is calculated from

S(t,) —S(ty_4)

L(t) = , 374
(to) =ty (374)
and then the rate of deformatidn is found from
d = %(L +LT) (375)
and the spin is found from:
_1 T
W = Q(L_L ). (376)

In a small strain context, load curves 1-6 may be used to specify strain time histories, and load
curves 7-9 simply defined as zero throughout the duration of the simukdtiome load curves
must be defined in all cases, and must be defined over the entire time interval of the simTitegion.
small strain interpretation of the load curve quantities is given in Table 2.

Load Curve Number Small Strain Interpretatfon
1 €

XX

Eyy

8ZZ

Sxy

Syx

EXZ

8Z)(

Eyz

€y

© 00 NjJOo 0o Bl WO DN

Table 2: Small Strain Load Curve Definitions
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6.3 INTERACTIVE COMMANDS

The Material Model Driver contains an integral plotting package to allow immediate display of
simulation results. After reading the input file and completing the calculations, DYNA3D gives a
command prompt to the terminal. A summary of the available interactive commands is given in this
section. An on-line help package is available by typduedp at the prompt. Refer to the notational
conventions described in section 2.1 on page 9.

* ASCL - scale all abscissa databy . defauftis 1

* OSCL - scale all ordinate data Iby . defaulfis 1

* ASET - amin omax set minimum and maximum values on abscissammandamax
respectively. lfamin=amax=9, scaling is automatic.

* OSET - omin omax set minimum and maximum values on ordinatemanandomax
respectively. llomin=omax9, scaling is automatic.

* GRID - tmds or graphics display will be overlayed by a grid of orthogonal lines

* NOGRID - tmds or graphics displays will not be overlayed by a grid of orthogonal
lines

* LOGO - puts LLNL logo on all plots (default). Retyping this command removes the
logo.

* TV n-use tmds or graphics devica, wheren is the monitor or device number

* TV -nln2n3 (LLNL only) use color tmds with monitor numberd, n2, andn3for
red, green, and blue channels, respectively.

» PLOTS boxann- (LLNL only) create a plotfile for box numbannthat contains a
record of the tmds display

* CLASS lev - (LLNL only) reset classification level of hardcopy output from default
unclassified to: proglev, pard, adp, confidnt, srd, or system. This command must pre-
cede the plots command if used.

* RJET n- (LLNL only) send a copy of the fr80 file to rjet

* TIME c - plot component versus time

* CROSScl c2- plot componentl versusc2

* PRINT - print plotted time history data in file "pamper.” Only data plotted after this
command is printed. File name can be changed with the “FILE” command. The “pam-
pers” file contains 2-column ASCII data suitable for plotting with other software.

* FILE name- change pampers filenamename
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* RDLC mnrlzl...rnzaredefine load curvm usingn coordinate pairs
(r1,z1),(r2,z2),...,(rn,2n

* CONTINUE - reanalyze material model

» ECOMP - display component numbers on the tmds or graphics display. The compo-
nent numbers are also shown in Table 3.

* CHGL n - change label for componemtProgram will prompt for new label.

 QUIT, END, T - exit the material model driver

Component Quantity Component Quantity
1 X -stress 12  3rd principal deviatoric stress
2 y-stress 13 maximum shear stress
3 z-stress 14 1st principal stress
4 Xy shear stress 15 2nd principal stress
5 y: shear stress 16 3rd principal stress
6 zXx shear stress 17 In(V )
7 effective plastic strain 18 relative volume
8 pressure 19 Vo/V—1
9 effective stress 20 1st history variable
10 1st principal deviatoric streps 21 2nd history variable
11  2nd principal deviatoric str+s 22 3rd history variable

Table 3: Element Components for interactive graphics display.
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7.0 EXAMPLES

This chapter presents several large-scale DYNA3D simulations of actual engineering problems,
and gives two brief examples illustrating the use of the Material Model Driver described in Chapter
6. The DYNA3D Examples Manual (Lovejoy and Whirley, 1990) describes ten tutorial examples
in more detail, and includes the INGRID mesh generation files and TAURUS post-processing
commands used in each analysis.

7.1 NOSE CONE IMPACT

This example shows an analysis of a nose cone designed by Sandia National Laboratories in
Livermore to limit the impact force transmitted to the aft section. An oblique impact event was
simulated as described in (Chiesa and Callabresi, 1981).

The initial mesh, containing 6074 nodes and 4356 solid elements, is shown in Figure 46. The nose
cone is made of steel, with a yield strength of 0.0048 Mbar and a tangent modulus of 0.0138 Mbar.
The mass of the aft section was included by using a high density material in the top rows of
elements. This is an interesting problem due to the importance of the slide surfaces and contact,
which are essential in computing a realistic deformed geometry. The tied interfaces were used for
convenience in the design of the mesh, as they allowed regions of different mesh refinement to be
tied together. The sliding interfaces permit the collapse of the voids between ribs in the nose piece.
The locations of the slide surfaces are shown in Figure 47.

Comparisons with experimental data reported in (Chiesa and Callabresi, 1981) showed excellent
agreement with the calculation. A sequence of deformed shapes au3000  intervals is shown in
Figure 48. At15,00Qus ,the peak deformation is reached and the nose cone begins to rebound.The
final shape obtained in the experiment was very close to the final computed shape. The computed
force deflection curve plotted by TAURUS is compared to that obtained from the experiment in
Figure 49. Only minor discrepancies exist, and the importance of the slide surfaces in modeling
force spikes due to void closure is evident.
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Initial mesh of steel node cone.

Figure 46
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Figure 47
Location of tied and sliding interfaces.
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Figure 48
Sequence of deformed shapes after impact. Note closure of voids in nose region.
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Figure 49
Computed (___) and experimental ( --- ) force-displacement curve for the steel nose cone. The
steps in the curves correspond to void closures.
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7.2 OBLIQUE IMPACT OF ROD

This example presents the simulation of a long aluminum rod impacting a rigid surface. The rod is
30.5 cm long, 0.658 cm in diameter, and is made of aluminum. The rod impacts the target at an
angle of 10 degrees and at a velocity of 20,170 cm/sec.

The computational model of the rod uses only solid elements. The material behavior is simulated
using the Steinberg-Guinan model (Material Type 11) with the properties given in (Steinberg and
Guinan, 1978). The target is modeled using the Rigid Wall option in DYNA3D to save the cost of
discretizing the rigid target. The initial mesh is shown in Figure 50.

A sequence of deformed shapes is shown in Figure 51, and a close-up view of the mesh st 300
is shown in Figure 52. The final shape from the experiment is compared to that predicted by
DYNAS3D in Figure 53. The computed shapes agree well with experimental profiles, supplied by
J. Zukas at the Ballistics Research Laboratory, up to approximatelys600 . At later times the
agreement is fair, but the experimental results tended to show more curvature in the rod than did
the computational predictions. Some factors which may have led to these discrepancies include:

* coarse zoning,

* inaccurate material properties,

* rigid wall approximation to armor plate,

» lack of interface friction.
Even considering these approximations, the overall qualitative prediction of the rod behavior is
quite good.
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Figure 50
Calculational mesh for oblique rod impact problem.
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Figure 51

Deformed shapes of rod impacting oblique rigid wall.
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Figure 52
Plan view of rod at 30(1s.
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Figure 53

Final profiles: (a) experiment and (b) computed.
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7.3 FRAME MEMBER IMPACT

This example illustrates the deformation and collapse of a mild steel rail under impact loading.
The geometry definitions of a mild steel frame member dynamically crash tested by Suzuki were
provided in (Igarashi, 1985) and discussed in (Benson, et. al, 1986). Frame members are attached
to a sled that accelerates to 30 km/hr before impact into a fixed barrier, as shown in Figure 54.
Experimental output ceases at 35ms when the sled impacts a bumper that stops its motion. Force
time histories are obtained by load cells at the frame-barrier interface, and movies record the defor-
mation history.

Preliminary calculations have been performed on coarsely meshed members to study the feasibility
of this type of explicit simulation using DYNA3D. Figure 55 shows a close-up view of the initial
mesh with 1600 shell elements. Figure 56 shows the cross section of the 1000mm beam, which is
fabricated by spot welding along the flange.

Although the spot welds were not modeled in detail, such modeling may be important in capturing
the details of the force histories. Deformed shapes are plottedias 10  intervals in Figure 57. The
overall deformed shape is predicted quite well, but a more refined mesh must be used to resolve the
highly localized buckling. Although the peak force was accurately predicted, the width of the force
pulse was under-predicted.

Since the peak force occurs almost immediately and decays rapidly, the interesting part of the force
time history occurs early in the event (well before 5 ms). Thus, simulations of 5 ms duration can
be done very cheaply, and parameter studies are quite feasible with only modest computer require-
ments.

477



EXAMPLES DYNA3D User Manual

| BLED

rtm--l %-mn- BARRIER

5

— e

Figure 54
Finite element model of sled test.

Figure 55
Close-up view of the finite element mesh. The mesh contains 1600 shell elements.

Figure 56
Cross section of frame member. All dimensions are in millimeters.

478



DYNA3D User Manual FRAME MEMBER IMPACT

il ierereicr -

30T

Figure 57
Deformed shapes at 10 ms output intervals.
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7.4 Material Model Driver Example 1

The first example is a simple linear elastic material (Material Type 1) subjected to uniaxial strain.
The plots were interactively generated using@®OSScommand (as described in section 6.3 on

page 464), and show the Cauchy stress vs. infinitesimal strain curves generated by the Material
Model Driver. For this example, a Young’s modulus3ffx 10° psi and a Poisson’s ratio of 0.25
were used. From Figure 58, it is easily verified that the slope of the ke 26 = 3.6x 10 ,
whereA is the Lame parameter aAd is the shear modulus. Figure 59 shows the transverse
Cauchy stresses plotted against axial strain, and the slope is seen to be , as expected. Thus, this
simple example has illustrated the agreement between elasticity theory and the DYNA3D elastic
material model for the case of uniaxial strain.
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Figure 58
Linear elasticity stress-strain curve in uniaxial tensmy:  eys.
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Figure 59
Linear elasticity stress-strain curve in uniaxial strai,  eys.
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7.5 Material Model Driver Example 2

The second example considers a geologic material represented by the Soil and Crushable Foam
model (Material Type 5) in DYNA3D. The parameter values and pressure-volume are taken from
an actual soil model used for production calculations, and are given below.

The prescribed strain history is a shear deformation irxthg - direction, increasing linearly from
zero to a strain of 5% at a time of 100. Superimposed on this shear deformation is a volumetric
compaction starting at a time of 50.0, and increasing linearly to a volumetric strain of -0.03 at a
time of 100. Thus, the first half of the simulation illustrates the material response at zero pressure,
while the second half of the simulation shows the effect of increasing pressure on the shear
behavior. Figure 60 shows the resulting plot of shear stress vs. pressure, and Figure 61 shows the
pressure-volume behavior predicted by the model. Figure 62 directly shows the influence of
pressure on the shear stress-shear strain curve. Clearly, plots such as these can be easily correlated
with experimental data to determine the appropriate parameters for a DYNA3D material model.

Parameter Value
shear modulus 6.70x 10
bulk modulus 4.20x 16

a, 9.90x 16

a, 3.50x 168

a, 0.30
pressure cutoff —5.70x 102
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Relative Volume Pressure
0.0 0.0
—4.0%x 103 2.9%x 16
-1.0%x 1072 8.7x 16
-1.6% 1072 1.8x 10
—2.0%x 1072 2.5x% 10
-2.6% 1072 3.5x 1¢
-3.0%x 1072 4.1%x 1¢
-3.7% 1072 5.3x 1¢
—4.0% 1072 5.8x 1¢
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Figure 60

Soil and crushable foam model;,  ys.
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Figure 61

Soil and crushable foam model: vs. relative volume
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Soil and crushable foam model;,  vg,
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